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Biodiversity market doublespeak 


he notion that biodiversity markets can raise 
money desperately needed for biodiversity con- 
servation is gaining momentum. The dire state of 
biodiversity and the enormous biodiversity repair 
bill means that every funding option must be ex- 
plored. However, the risk that trading ill-defined 
generic biodiversity credits will result in biodiver- 
sity loss, not conservation, should be considered. Scarce 
resources could be diverted to market regulation rather 
than conservation. Without key elements, biodiversity 
markets could be perverse, leading to Orwellian “double- 
speak’—saying one thing, but resulting in another. 

Target 19d of the 2022 Kunming-Montreal Global Bio- 
diversity Framework features private-sector conservation 
finance, and various businesses, inter- 
national agencies, and countries are 
embracing biodiversity markets. Such 
efforts recognize that many actors are 
required by law, or wish voluntarily, 
to support ecosystem conservation or 
restoration, but may not be well-po- 
sitioned to do so directly and seek to 
satisfy their needs through biodiversity 
markets. The logic is that these mar- 
kets are necessary for conservation to 
be an economically efficient and viable 
alternative to current land uses. 

For example, a Nature Repair Mar- 
ket Bill is before Australia’s parliament 
to establish a voluntary biodiversity market. The market 
is in addition to the existing biodiversity offsets needed 
for regulatory compliance. It remains to be seen if the 
Bill passes into law and can deliver the promised envi- 
ronmental-economic “win-win” and not become conser- 
vation doublespeak. 

A critical challenge is the private sector’s desire for 
universal “biodiversity credits.” However, combining het- 
erogenous biodiversity into a universal unit is difficult. 
Adding two black flying foxes (Pteropus alecto) to two 
Leadbeater’s possums (Gymnobelideus leadbeateri) does 
not equal four “biodiversities.” If this sounds silly, it is. 
A “common currency” for biodiversity is a long-known 
problem in biodiversity offset markets. No universal off- 
set exists, and simplistic metrics usually fail to deliver 
expected outcomes. Homogenized biodiversity credits 
should thus be dismissed, but species- or habitat-specific 
biodiversity credits may provide an answer. 

Biodiversity market enthusiasts recognize the need 
for safeguards: “Integrity and strong governance are 
non-negotiable,” but little detail usually exists. Yet de- 
tail is essential as biodiversity markets are created for 


“Without key 
elements, 


biodiversity 
markets could 
he perverse...” 


biodiversity conservation, not economic gain. Laws 
already govern markets for goods and services, with 
many agencies safeguarding market participants and 
minimizing unwanted socioeconomic and environ- 
mental impacts. All of this must apply to biodiversity 
trading as well. 

Laws establishing biodiversity markets would not sup- 
plant existing conservation laws. New laws should de- 
termine what is traded (e.g., species-specific biodiversity 
credits), how credits are calculated, reporting standards, 
and the rights and obligations of credit owners and the 
owners or managers of the underlying biodiversity. The 
last is critical to ensure accountability for conservation. 

For markets to achieve biodiversity conservation, bio- 
diversity must endure. A “buy and for- 
get” model, where credits exist forever 
regardless of whether the biodiversity 
persists, would lead to perverse out- 
comes. To prevent this, monitoring, 
reporting, and enforcement are criti- 
cal. Traditional accounting records 
the volume and value of biodiversity 
credit trades and holdings. Biodiversity 
trading also requires accounting for 
biodiversity itself: how much there is, 
how and why it is changing, and what 
is being spent on management. The 
accounting must link credits to the 
species underpinning credits, which re- 
quires systematic and ongoing monitoring; Leadbeater’s 
possum credits need a clear relationship to Leadbeater’s 
possums. The Task Force on Nature-related Financial 
Disclosures and System of Environmental Economic Ac- 
counting provide accounting guidance, but the account- 
ing must be standardized and mandated, not optional. 

An independent agency with biodiversity and financial 
expertise—for example, a Natural Capital Bank—would 
monitor and analyze an organization's biodiversity ac- 
counts. Whatever the agency, the accounts provide an 
audit trail for compliance and enforcement, and it must 
work with existing organizations responsible for market 
regulation and environmental protection. Funding should 
come from biodiversity trading (e.g., a 2.5% levy on every 
trade), not existing conservation resources. 

The push for biodiversity markets and private-sector 
conservation finance is understandable. But unless biodi- 
versity markets are well designed, there is a risk they will 
become conservation doublespeak, legitimizing biodiver- 
sity destruction for economic gain while purporting to 
promote biodiversity conservation. 

—Michael J. Vardon* and David B. Lindenmayer 


*M.J.V. has been an adviser on the System of Environmental-Accounting to the World Bank, United Nations, and projects sponsored 
by the governments of Australia, the Netherlands, New South Wales, and the Australian Capital Territory. 
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Biggest fusion reactohturned on = 


perators have fired up the world’s newest and 
largest experimental fusion reactor, designed 
as a stepping stone to commercial devices that 
could yield carbon-free electricity. Workers be- 
gan to construct the JT-60SA reactor (above)—a 
joint project of the European Union and Japan, 
which hosts the device—in 2013. The doughnut-shaped 
reactor, 12 meters in diameter, reached a milestone 
last week when it used magnetic fields generated by 


Projected increase by midcentury in annual excess U.S. 
cardiovascular deaths associated with extreme heat, if 

climate change warms Earth's temperature by 2°C. The 
excess deaths would total 4320 a year. (Circulation) 


superconducting coils to contain a cloud of ionized 
gas, or plasma. Eventually the device will contain 
plasma heated to 200 million degrees Celsius for about 
100 seconds, far longer than previous large tokamaks. 
JT-60SA will test technologies to be used in ITER, the 
international fusion reactor being built in France to 
demonstrate that fusion can generate more energy than 
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goes into producing it. ITER’s plasma volume will be al- _ 


most six times JT-60SA%. 


Fossil fuel use could peak by 2030 


ENERGY | Global consumption of oil, natu- 
ral gas, and coal is likely to peak by 2030 


as the world switches to renewable sources, 


the International Energy Agency said last 
week. But developing nations will continue 
to increase burning of fossil fuels after 
2030 as they rapidly industrialize, accord- 
ing to the agency’s annual forecast. To 
reach net zero emissions globally by 2050, 
those nations will need to expand their 
spending on construction of clean-energy 
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sources to nearly $2 trillion annually, seven 
times the current level. Their expenditures 
on clean energy have stagnated since 2015 
and increasing them will probably require 
loans from wealthy countries on favorable 
terms, the report says. 


Gene therapy restores hearing 


BIOMEDICINE | Several children born 
deaf can now hear after receiving gene 
therapy. The children, from China, had 
inherited two defective copies of the 


gene encoding otoferlin, a protein that 
helps the inner ear transmit sound to 

the brain. A team at Fudan University 
injected harmless viruses carrying DNA 
for a working copy of the hearing gene 
into one inner ear of each child. Four of 
five kids treated now have some hearing, 
the team reported last week at the annual 
meeting of the European Society for Gene 
and Cell Therapy in Belgium, according to 
the group’s conference abstract and MJT 
Technology Review. The U.S. company 
Regeneron last week reported similar 
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success for the first child treated with its 
comparable gene therapy. Deafness due 
to mutations in otorferlin’s gene is rare— 
it explains up to 8% of cases of inherited 
deafness—but the results offer hope for 
treating other genetic forms of deafness. 


U.K. funder halts diversity panel 


PoLitics | The U.K’s national science 
funding agency has suspended operations 
of its newly formed diversity advisory 
panel after science minister Michelle 
Donelan expressed “outrage” at social 
media posts about the Israel-Hamas 
conflict by two of its 11 members. In a 

28 October letter to UK Research and 
Innovation (UKRI) head Ottoline Leyser, 
Donelan asked the funding agency to 
disband the panel on equality, diversity, 
and inclusion. More than 2500 researchers 
signed an open letter calling on UKRI to 
reject Donelan’s demands. But in a state- 
ment published on 31 October, Leyser said 
UKRI would suspend the panel and launch 
an investigation to determine “the ulti- 
mate future” of the board. The University 
and College Union, which represents 
higher education workers, said Donelan’s 
letter was “unwarranted pressure ... by an 
increasingly authoritarian government” 
and that UKRI’s move “set a very danger- 
ous precedent for academic freedom.” 


Disgraced M.D. inspires opera 


BIOMEDICINE | “Who has the courage 

to unmask a liar who everyone wants to 
believe?” asks the ad for Mythomania, a 
new opera based on the saga surround- 
ing disgraced surgeon Paolo Macchiarini. 
He claimed to have developed a way to 
regenerate a damaged or diseased wind- 
pipe using stem cells, but the technique 
did not work and almost all the patients 
he treated died from related complica- 
tions. He is appealing a 30-month prison 
sentence he received from a Swedish 
court this year for gross assault against 
three of the patients who died after he 
treated them at the Karolinska Institute. 
Last week, The Lancet retracted papers 
he published in 2008 and 2013 about the 
technique. The opera’s composer, Paula 
af Malmborg Ward, and librettist Kerstin 
Perski created a previous opera about 
swindlers and wanted to further explore 
why people believe serial liars, they told 
the Swedish press. A group from the 
Swedish National Board for Assessment of 
Research Misconduct, which investigated 
Macchiarini, was expected to attend the 
opera, which is playing in Gothenburg, 
Sweden, through 9 November. 


SCIENCE science.org 


A brown skua nests 
above a penguin 
colony on Bird Island. 


CONSERVATION 


Lethal bird flu approaches Antarctica 


virulent strain of avian influenza has been confirmed for the first time in the 
Antarctic region. Scientists with the British Antarctic Survey noticed dead brown 
skuas on Bird Island in South Georgia and the South Sandwich Islands starting 
on 7 October. The virus, H5N1, was likely carried to the island by migratory birds 
returning from South America, which has been hit hard. South Georgia's govern- 
ment has banned visitors to the small island, which is less than 5 kilometers long, but 
research on the bird and seal colonies will continue. “Bird Island is one of the most 
closely monitored seabird and seal colonies in the world, so ongoing studies will reveal 
the impacts of the disease in detail,” the government said in a statement. Scientists are 
also monitoring to detect the virus’ expected move to the Antarctic continent, home to 


much larger wildlife populations. 


Muscular dystrophy therapy falters 


BIOMEDICINE | A much-anticipated clinical 
trial of a gene therapy failed to clearly show 
that it helps young children developing 
symptoms of Duchene muscular dystro- 
phy (DMD). In the placebo-controlled, 
phase 3 trial of 125 DMD patients, ages 

4 to 7, the intervention did not meet 

its primary endpoint, a statistically 
significant preservation of motor func- 
tion, Sarepta Therapeutics, the gene 
therapy’s developer, announced this 
week. Earlier this year, the U.S. Food and 
Drug Administration gave the treat- 
ment—in which viruses deliver a gene 

for a short form of the muscle protein 
dystrophin into muscle tissue—a tentative 
“accelerated approval” limited to 4- and 
5-year-olds possessing a dystrophin gene 
mutation. Sarepta defended the new trial’s 
results, saying treated children did mod- 
estly better than the placebo arm on the 
motor function measure and also better 
retained specific abilities, such as walk- 
ing, running, and rising from the floor. 
The company still intends to seek a wider 


approval of the one-dose gene therapy, for 
which it is charging more than $3 million. 


Russia drops nuclear test treaty 


ARMS CONTROL | Russia’s parliament 

last week fulfilled a request by President 
Vladimir Putin to revoke the country’s rati- 
fication of the international Comprehensive 
Nuclear-Test-Ban Treaty, heightening con- 
cerns that it plans to resume testing nuclear 
bombs. Russia will continue to host instru- 
ments in the treaty’s monitoring network 

to detect clandestine nuclear tests, officials 
say. Since the United Nations adopted it in 
1996, the treaty has established norms that 
have limited almost all explosive nuclear 
testing. Leaders of 187 nations have signed 
the treaty, but it has not taken effect because 
eight nuclear-capable states, including the 
United States, have not ratified it. Russia 
says it wishes to achieve “strategic parity” 
with the U.S. Weapons labs in Russia, China, 
and the U.S. have reportedly been increasing 
bomb-design activities. Analysts say Russia’s 
action may be a response to Western mili- 
tary aid for Ukraine. 
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Lawsuits force changes in U.S. pesticide regs 
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EPA is drawing up new rules for farmers, but some worry the science isn’t ready 


By Erik Stokstad 


riven by tight court deadlines, the 

US. Environmental Protection 

Agency (EPA) is radically remaking 

its approach to regulating pesticides, 

giving weight to their risk to endan- 

gered species. The effort is still in the 
early stages, but concrete enough that it has 
alarmed agricultural organizations, which 
fear widespread restrictions on where and 
how farmers can spray the chemicals. “It 
can potentially add really tremendous cost,” 
says James Cranney, head of the California 
Citrus Quality Council. 

Before approving pesticides for use, 
EPA evaluates the risk they pose to hu- 
man health and the environment. As part 
of those analyses, the agency is legally re- 
quired to consider potential impacts on 
endangered species. But for decades it has 
rarely completed the reviews, which require 
consultation with the U.S. Fish and Wildlife 
Service (FWS) and National Marine Fisher- 
ies Service (NMFS) and often drag out for 
more than 4 years. 

In a draft plan that was open for comment 
until last month, the agency proposed to 
speed up the process by making its own in- 
ternal assessment of risk to endangered spe- 
cies. EPA will continue to consult with FWS 
and NMFS, as the law requires. But it won’t 
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wait for the other agencies to finish weighing 
in before requiring farmers to change their 
practices. To add efficiency, the agency will 
also conduct analyses looking at the risks 
pesticides pose to groups of organisms. 

Environmental groups hope the new 
regulatory approach will strengthen protec- 
tions for species such as the rusty patched 
bumble bee, which used to occur widely 
over the north-central and eastern United 
States but for reasons including pesticide 
use, is now scattered across just a few states. 
“We're thrilled that EPA is diving into this,” 
says Aimée Code, who heads the pesticide 
program at the Xerces Society for Inverte- 
brate Conservation. 

Others caution that the pace is too fast. 
“Decisions are being made before the sci- 
ence is ready,’ says Stanley Culpepper, a 
weed scientist at the University of Geor- 
gia who would like to see more detailed 
research on where endangered species are 
present and their sensitivity to various pes- 
ticides. And the potential economic impacts 
worry not just farm groups, but also the 
U.S. Department of Agriculture, which sug- 
gested in a comment to EPA that the new 
regulations could drive farmers in some ar- 
eas to sell off their land for development. 

EPA’s new strategy was kick-started by 
lawsuits, including a 2011 case brought by 
the Center for Biological Diversity and the 


Pesticide Action Network North America. 
The groups claimed EPA had violated the 
law by not considering endangered species 
over the course of approving more than 
1000 pesticide products. In September, EPA 
agreed to a final settlement stipulating that 
it would assess the risks of harm from 12 ac- 
tive ingredients in these pesticides, and that 
it would come up with strategies to evaluate 
and minimize risks to endangered species 
from new pesticides as well. 

The effort is headed by Jake Li, who was 
appointed EPA's deputy assistant administra- 
tor for pesticide programs in 2021. Trained 
as a lawyer, Li worked on endangered spe- 


cies policy at the Environmental Policy Inno- . 


vation Center and at Defenders of Wildlife, 
where he filed a pesticide lawsuit against the 
office where he now works. “This is a sprint 
right now for us after 40 years of neglect,” Li 
says. “We are trying to make the most sense 
out of a very difficult problem.” 

EPA is initially focusing on agricultural 
weedkillers. When assessing risk, it plans to 
group the more than 900 endangered spe- 
cies that may live in and around farmland 
according to their biology, such as the micro- 
habitat they live in. Animals and plants that 
inhabit small wetlands near fields, for ex- 
ample, might be assessed as facing higher 
odds of harm from agricultural herbicides 
than those that live on dry ground or far- 
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The rusty patched bumble bee was put on the U.S. 
endangered species list in 2017. 


ther away. Those findings will then inform 
the conditions EPA sets for using a product 
in a particular location. 

EPA is also developing more targeted reg- 
ulations to protect species that are especially 
vulnerable. In a draft white paper released 
this summer, the agency presented the re- 
sults of a pilot project that reviewed data 
on the susceptibility of 27 species to herbi- 
cides, insecticides, and other crop protection 
chemicals. The draft proposed restrictions 
on farmers depending on what species are 
nearby. To protect species such as the rusty 
patched bumble bee and the American bury- 
ing beetle, for example, EPA proposes pro- 
hibiting spraying with fine droplets in order 
to lessen drift, and other actions. 

Some researchers worry the maps of 
species ranges in the pilot project weren’t 
detailed enough. For example, the Taylor’s 
checkerspot butterfly—a species that is sus- 
ceptible to insecticides used to control moth 
pests—is shown as being present across 
2 million hectares of Oregon and Washing- 
ton state, including prime agricultural land. 
But in reality, the species is only found in 
13 patches of surviving prairie, says Cheryl 


Taylor’s checkerspot butterflies were once abundant 
in prairie habitat in the Pacific Northwest. 


Schultz, a conservation biologist at Wash- 
ington State University. 

Culpepper argues there’s a need for “sig- 
nificant investment” in mapping endan- 
gered species. He points to a 2022 EPA 
decision that restricted the use of the her- 
bicide Enlist Duo in more than 43 counties 
nationwide. In Georgia, where the restric- 
tions were enacted because of concern for 
frosted and flatwood salamanders, the de- 
cision meant Enlist Duo could not be used 
on more than 385,000 hectares of cotton, 
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corn, and soybean crops. After the decision, 
Culpepper worked with FWS and state 
agencies to more finely map the salaman- 
ders’ habitat and found it was only neces- 
sary to restrict spraying on 1427 hectares. 

Something similar happened in Okla- 
homa and Texas, where cotton farmers 
briefly couldn’t use Enlist Duo last year be- 
cause of risk to the endangered American 
burying beetle. “It was a good idea, poorly 
implemented,” says Wyatt Hoback, an 
entomologist at Oklahoma State University 
who points out that the beetle isn’t found 
in cotton fields. Hoback is hopeful that 
EPA’s new regulatory approach won’t run 
into similar problems. Excessive regulation 
could be counterproductive, he says: “It’s 
just going to create more animosity toward 
rare species.” Li emphasizes that the white 
paper is a draft and will be revised when 
inaccurate. “We are not going to finalize it 
unless we can get defensible maps.” 

Many observers would like to see EPA’s 
modeling become more realistic as well. 
EPA analysts predict risk to wildlife by tak- 
ing toxicity data from laboratory studies 
and then making assumptions about how 
pesticides are applied on farms. One weak- 
ness of the approach for terrestrial insects, 
entomologists point out, is that pesticides 
are only required to be tested on domesti- 
cated honey bees, so it’s not always clear how 
wild bumble bees and other species will be 
affected. And agricultural groups note that 
farmers often spray less than EPA’s model- 
ing assumes. Li says EPA would gladly accept 
data on pesticide usage. 

The agency plans to finalize its herbicide 
strategy in May 2024 and complete its list 
of mitigation activities for the 27 vulnerable 
species by the end of this year. “There might 
be some missteps with this pilot program, 
but the fact they’re getting information on 
doing it better—that’s fabulous,’ Schultz 
says. “There’s enormous potential.” 

Then, EPA will move from herbicides to 
a harder challenge: insecticides. Assess- 
ing their risk to endangered species will 
be more complicated because insecticides 
can harm wildlife in many ways, including 
neurological damage that isn’t lethal but 
impairs the ability of pollinators to forage. 
And EPA does not regulate seeds coated 
with insecticides, such as neonicotinoids— 
a major source of exposure to insects. The 
agency is looking into the issue, Li says, 
and last month issued a request for pub- 
lic comment about regulation of pesticide- 
treated seeds. 

“!'m cautiously optimistic,” Code says of 
EPA’ plans. “There are a lot of growers who 
want to do right by the species, and I feel 
like ... if we get people behind this, it could 
really be a game changer.” 
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No easy way to 
explain cosmic 
expansion 
mystery 


“Hubble tension” could 

be a signal of new physics. 
But deciphering it may 
not be simple 


By Adrian Cho 


iscovered less than a century ago, 
the expansion of the universe causes 
galaxies to rush away from Earth, 
stretching their light to longer, red- ‘ 
der wavelengths. That observation 
spawned the idea of the big bang—and 
decades of bickering over the rate at which 
the universe is expanding, the Hubble con- * 
stant. After a brief rapprochement, cosmo- 
logists are arguing again. Working from our 
cosmic neighborhood outward to more dis- 
tant galaxies, one group has measured a rate 
significantly higher than the one derived 
by colleagues studying the cosmos’ farthest 
fringe and the afterglow of the big bang, the 
cosmic microwave background (CMB). 
Recent observations from NASA's JWST 
space telescope have confirmed the disparity, * 
or Hubble tension, and chances that it can 
be explained as an observational artifact are 
fading. But so are prospects that the puzzle 
has a simple physics solution, a recent spate 
of papers shows. That may dash hopes that 
solving the Hubble tension could also help 
cosmologists sharpen their problematic the- . 
ory of the universe’s makeup and evolution. 
“There’s no guarantee that there’s one ef- 
fect that is causing all of this,” says Adam 
Riess, a cosmologist at Johns Hopkins Uni- 
versity. Some question whether the Hubble 
tension will ever be explained. “I wouldn’t 
bet my house on it,’ says Sunny Vagnozzi, a 
cosmologist at the University of Trento. 
According to cosmologists’ prevailing the- 
ory, the universe contains 5% ordinary mat- 
ter; 27% invisible dark matter, whose gravity 
holds galaxies together; and 68% dark en- 
ergy, which stretches space like a pressure. 
Just after the big bang, the universe grew ex- 
ponentially, hugely magnifying tiny quantum 
fluctuations in a dense soup of fundamental 
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particles. Dark matter gathered in the dense 
spots, and hundreds of millions of years 
later ordinary matter settled in the clumps 
of dark matter to form galaxies. As the uni- 
verse thinned, dark energy’s push overcame 
the pull of gravity, so that after slowing, the 
universe’s expansion is now accelerating. 

The model, called Lambda-cold dark mat- 
ter (Lambda-CDM), is vague. It assumes 
dark energy is just a property of empty space 
called a cosmological constant, Lambda, and 
dark matter is just cold invisible stuff, hence 
CDM. But the model fits cosmological data 
beautifully, especially those from the CMB. 
The temperature of the CMB varies ever so 
slightly across the sky, providing a blotchy 
snapshot of the universe at the moment neu- 
tral atoms formed, 380,000 years after the 
big bang. A theory with just six parameters— 
including the Hubble constant—Lambda- 
CDM precisely fits the distribution 
of fluctuation sizes measured by Eu- 
rope’s Planck spacecraft, says Tanvi 
Karwal, a cosmologist at the Uni- 
versity of Chicago. “It’s insane that 
it works.” 

However, the fit yields a value of 
the Hubble constant that clashes 
with the one measured directly. 
Since 2009, Riess and his colleagues 
have used various telescopes to 


100 


ent brightness in the sky. JWST can 
tease out individual Cepheids in 
other galaxies, and its observations 
confirm the Hubble constant is 8% 
higher than Lambda-CDM predicts, 
Riess and colleagues reported in September. 

Some researchers say they’e still not 
100% convinced the discrepancy is real. 
“The field really needs a sensitive third way 
of measuring this,’ says Johannes Eskilt, a 
cosmologist at the University of Oslo. Others 
have proposed myriad models to explain it. 

One solution assumes dark energy isn’t a 
cosmological constant, but is due to some 
kind of new physics. If so, its concentra- 
tion could have fallen or even grown as the 
cosmos evolved, resulting in an expansion 
history that could start as the Lambda- 
CDM predicts but end at the higher di- 
rectly measured value. In fact, Riess says 
he started his project in hopes of finding 
just such an effect. 

Other data nix that idea. Sound waves 
called baryon acoustic oscillations (BAOs) 
rippled through the infant universe, and the 
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CMB records how far they spread before at- 
oms formed. That length is also imprinted 
in the distribution of galaxies. Comparing 
the two lengths reveals the expansion his- 
tory halfway between the big bang and now. 
The result is a curve whose shape matches 
Lambda-CDM’s_ prediction, says Ryan 
Keeley, a cosmologist the University of Cali- 
fornia, Merced. That constraint makes it 
impossible to change the expansion history 
enough to resolve the Hubble tension, he 
and a colleague argued on 15 September in 
Physical Review Letters (PRL). “These most 
recent BAO data sets put the final nail in 
the coffin” of that solution, Keeley says. 
The answer must lie earlier in cosmic 
history, says Marc Kamionkowski, a cosmo- 
logist at Johns Hopkins. “We’re forced to 
look at the early time solutions and take 
them more seriously,’ he says. Those theo- 


A tale of two measurements 
The Hubble constant, H,, is the rate at which the universe is expanding 
now. Multiplying it by the distance to a galaxy reveals how fast the galaxy 
is speeding away from Earth. Direct measurements of the constant yield 
a higher value than the one deduced from the cosmic microwave back- 
ground and a theory called Lambda-cold dark matter (Lambda-CDM). 


Directly measured value 
Je Measuring the distances and 
speeds of nearby galaxies yields 


* Ho=74+1. 


Lambda-CDM prediction 
The theory predicts the 
universe's expansion history, 
yielding Ho=674+0.5. 
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ries boost the expansion rate before the 
CMB emerged, allowing the cosmos to 
evolve much as Lambda-CDM predicts 
while obtaining a higher Hubble constant 
now. In 2016, Karwal and Kamionkowski 
proposed that a new quantum field, a 
bit like an electric field, kicked in briefly 
100,000 years after the big bang and acted 
like extra “early” dark energy. Others have 
suggested the extra kick could have come 
from primordial magnetic fields, inter- 
actions of neutrinos, or even changes in the 
electron’s mass. 

Although more promising, such models 
also have problems, Vagnozzi says. For ex- 
ample, the CMB is known to get slightly blue 
shifted as it passes through clumps of dark 
matter. The effect gets bigger if the youthful 
universe expands faster. To avoid contradict- 


ing observations, early time solutions must 


Big bang 


include more dark matter. But the extra dark 
matter would tend to make the mature uni- 
verse clumpier than it is, Vagnozzi says. 

For example, light from distant, brilliant 
galaxies called quasars reveals no sign of extra 
clumpiness, says Samuel Goldstein, a cosmo- 
logist at Columbia University. A quasar’s 
spectrum shows a thicket of dark absorption 
lines, known as the Lyman-alpha forest. Each 
line marks a cloud of hydrogen that lies along 
the line of sight and soaks up the quasar’s 
light. In a paper in press in PRL, Goldstein 
and colleagues report that the clouds clump 
less than early dark energy would predict. 
“We ended up getting ridiculously strong 
constraints on early dark energy.” 

The clumpiness issue is one reason why 
something like early dark energy alone 
won't solve the Hubble tension, Vagnozzi 
argues. “Early universe physics is always 
going to fall short and there will 
have to be something else,” he says. 
Karwal is less convinced. The uni- 
verse is already less clumpy than 
Lambda-CDM predicts, she notes, 
and early dark energy doesn’t make 
that problem much worse. “If you’re 
going to say that Lyman-alpha ex- 
cludes early dark energy, well, then, 
it also excludes Lambda-CDM,’ 
she says. 

Observations that could help 
probe early time physics may be hard 
to come by. For example, the quan- 
tum field Karwal and Kamionkowski 
proposed might have interacted with 
photons and left a fingerprint in how 
the microwaves of the CMB are po- 
larized, Eskilt says. He and colleagues 
searched for that signal in Planck’s 
data and didn’t find it, they reported 
on 7 September in PRL. 

But there is a surer way to de- 
tect the field, Kamionkowski says. 
It should make ultrasharp pictures of the 
CMB differ statistically from the predictions 
of Lambda-CDM at angles of less than 0.2°. 


Future CMB studies such as the Simons Ob- . 


servatory, under construction in Chile, and 
the CMB-S4: project proposed for the South 
Pole should have the resolution to see such 
details, Kamionkowski says. “Ten years from 
now either we'll be seeing early dark energy 
or we won’t be talking about it anymore.” 

Most cosmologists still think the Hubble 
tension will be resolved. “Someone will find 
some solution,” Goldstein says. “I don’t ex- 
pect 100 years from now people will still be 
focusing on the Hubble tension.” But Eskilt 
says the solution itself could be as mysteri- 
ous as, say, dark matter. “We could be in the 
same position where we know that there is 
a source of early dark energy, but we have 
no idea what it is.” 
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Scientists clash over ‘positionality statements’ _ 


In a growing practice, researchers are adding descriptions of their identities to their papers 


By Rachel Zamzow 


hen Genevieve Wojcik’s  co- 

authors suggested she include 

details about her race and family 

background in a May Nature Genet- 

ics commentary, she was skeptical. 

As a genetic epidemiologist, she 
had always been taught “to take yourself out 
of the equation completely,’ says Wojcik, who 
is at Johns Hopkins University. But Wojcik’s 
colleagues argued that their paper, about the 
need for multiracial participants in genet- 
ics studies, should include a “positionality 
statement” from each author describing how 
their identity might influence their work. The 
practice is becoming increasingly common in 
scientific papers, to applause from some re- 
searchers and chagrin from others. 

The statements, which can encompass 
anything an author deems relevant—for 
example, race, ethnicity, geographic loca- 
tion, sexual orientation, gender identity, 
disability status, and career level—are al- 
ready established practice in many social 
sciences, such as sociology and anthropo- 
logy. Now, they are making inroads into 
other fields, such as biology, global health, 
and medicine, as well as STEM education, 
with more journals encouraging or even 
requiring them. 

“Tt’s an invitation to think more broadly 
about what your role as a researcher is in 
the work that you're trying to understand,” 
says Alejandra Nifiez-de la Mora, a biological 
anthropologist at the University of Veracruz. 
She published a 2021 paper in the American 
Journal of Human Biology arguing that re- 
flecting on one’s positionality can pay off in 
future work, helping researchers address 
inequities such as “parachute research,” un- 
checked power dynamics, and gaps in inclu- 
sivity. If you’re an astronomer, for example, 
think about where your telescope is, she says. 
“Are you part of that community? Is that tele- 
scope put there with knowledge of the people 
who call that place their land?” 

But others question the statements’ 
value. “I find it amazing that [publish- 
ing positionality statements] is becom- 
ing so widespread without any evidence 
that it actually achieves what it sets 
out to achieve,’ says Patricia Nayna 
Schwerdtle, who studies global public 
health at Heidelberg University and co- 
authored a February critique of the practice 
in Perspectives on Psychological Science. 
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These statements—which can take a va- 
riety of formats, depending on the journal’s 
guidelines and researchers’ preferences— 
allow researchers to describe their identity 
as they see it. For Wojcik, a biracial Asian 
American woman, this process still felt a 
bit uncomfortable, as she’d previously only 
considered how aspects of her identity could 
be used against her. But despite the risk, es- 
pecially for people from marginalized com- 
munities, she felt the exercise helped put her 
work in context. 

Positionality statements also benefit 
readers, supporters say, peeling back the 
curtain on researchers’ decisions that would 
otherwise remain invisible—from what 
questions they pursue 
to how they interpret 
their data. “It’s not just 
that we want to know 
about people’s socially 
constructed identities. 
That’s not the point,’ says 
Julie Martin, editor-in- 
chief of the Journal of 
Women and Minorities 
in Science and Engineer- 
ing, which has required 
positionality statements 
since July 2020. “The 
point is how do those 
and your worldview af- 
fect the decisions you 
make in the research?” 

But some researchers 
think airing this infor- 
mation in the literature violates a central 
tenet of science: that a researcher’s work 
should be judged independently of who they 
are. Spotlighting a scientist’s identity rep- 
resents a “bizarre turn back to [the] Dark 
Ages,’ says Anna Krylov, a chemist at the 
University of Southern California who wrote 
an April critique alongside 28 co-authors in 
the Journal of Controversial Ideas. “It was 
not a good time when people were treated 
by their attributes and not by their achieve- 
ments, not by their merit,” Krylov adds. 

Another concern is that positionality 
statements serve only as virtue signaling 
and gloss over deeper issues, such as the 
reproducibility crisis in science. They seem 
like a “last ditch effort before you publish 
your paper,’ Nayna Schwerdtle says. In- 
stead, researchers should strengthen up- 
stream solutions, such as open science and 
participatory research, she argues. 


Alejandra Nufiez-de la Mora calls 
positionality statements “an invitation 
to think more broadly.” 


At least one team of researchers is study- 
ing whether these statements have their 
intended effect. Rose Oronje, a researcher 
at the African Institute for Development 
Policy, and her colleagues at the Liverpool 
School of Tropical Medicine are evaluat- 
ing the results of publishing reflexivity 
statements—a similar practice that encour- 
ages researchers engaged in global col- 
laborations to consider how their work 
acknowledges the communities involved. 

The team is reviewing published state- 
ments in global health journals and in- 
terviewing authors and journal editors to 
gauge whether this measure at the time of 
publication has the power to shift research- 
ers’ mindsets and lead to 
more equitable practices. 
Publication guidelines 
can provide powerful in- 
centives for scientists to 
effect systemic change, 
Oronje says. “When you 
start there, it becomes 
very easy for us to want 
to do it, because we want 
to publish.” 

For true cultural 
change, proponents em- 
phasize, these statements 
have to stem from ongo- 
ing self-reflection rather 
than a rote checklist of 
attributes. “I would hate 
for it to become a formu- 
laic part of the writing 
or research process,” says Nanez-de la Mora, 
who is editor-in-chief of the Journal of Bio- 
social Science. She and the journal’s other 
editors are considering inviting authors to 
take the lead in acknowledging their iden- 
tities, but not requiring it or specifying the 
format. The practice is catching on in her 
field at large, she says, especially among 
younger scholars. 

As for Wojcik, she says reflecting on her po- 
sitionality has helped her realize her identity 
is inextricably linked with her work, enrich- 
ing it and shaping the directions it takes— 
including, for example, her work to design 
genetics studies to be more inclusive of multi- 
racial individuals. “I’ve sort of come into the 
notion that who I am can actually make my 
work better and lead me to question things 
that hadn’t been questioned before.” 


Rachel Zamzow is a freelance journalist in Waco, Texas. 
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Controversy includes claims of government malfeasance and threat of a defamation lawsuit 


By Kata Karath 


move to reintroduce guanacos—a 
wild relative of the llama—to a re- 
serve in Argentina has become the 
latest flash point in a fierce scientific 
debate over the nation’s rewilding 
efforts that has included charges of 
government malfeasance and legal threats. 
Supporters of the effort to move 45 gua- 
nacos some 1500 kilometers north from 
Patagonia to a reserve in central Argentina 
say it could help restore the iconic, long- 
necked ungulate—which has seen its over- 
all population in South America drop by 
97%—to landscapes where it once thrived. 
But critics argue Argentina’s environment 
ministry approved the plan without ad- 
equately evaluating its conservation value 
and risks, or consulting with scientists. 
“This management decision violates 
guiding principles for rewilding,’ six Ar- 
gentine researchers wrote last month in 
Conservation Science and Practice (CSP). 
“There is a lack of proper evaluation and 
scientific evidence to support the need, 


More than 1.5 million guanacos live in South America. A\ 
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bout 80% are found in Argentina. 


opportunity, and feasibility of this trans- 
location.” (The environment ministry did 
not respond to a request for comment.) 

Earlier this year, some of the same au- 
thors were threatened with legal action 
after they joined dozens of other scien- 
tists in publishing a paper that critiqued 
Argentina’s rewilding policies and a book 
by a staffer from ReWilding Argentina, 
a prominent nonprofit that has sup- 
ported numerous reintroduction efforts. 
ReWilding Argentina’s leaders complained 
the April critique was “written in a violent 
manner” and threatened to sue the authors 
for defamation. A guilty verdict in such a 
case could bar the critique’s authors from 
working for government agencies and pub- 
lic universities. 

This month, in a letter published in Bio- 
logical Conservation, the scientists fired 
back, accusing ReWilding Argentina of 
trying to stifle “constructive debate. ... We 
strongly reject this baseless threat.” 

ReWilding Argentina did not respond 
to questions about whether it plans to fol- 
low through with its legal threat. But the 


ih 
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exchange highlighted the simmering con- 
troversy surrounding rewilding efforts in 
Argentina, where conservationists have 
moved to reintroduce jaguars, giant river 
otters, and other animals to former habi- 
tats. The debate intensified in September 
2022 after the government approved a plan 
by the province of La Pampa to import 
45 guanacos to its Luro reserve, which al- 
ready hosts a few dozen translocated gua- 
nacos. ReWilding Argentina is providing 
logistical support to the effort, which some 
conservationists hope will open the door to 
translocating guanacos even farther north, 
to Argentina’s Impenetrable National Park. 

Many researchers are skeptical of the 
need. They note researchers estimate that 
more than 1 million guanacos live in Ar- 
gentina, so establishing new populations 
“4s not a conservation priority,” says Ulises 
Balza, a biologist with Argentina’s National 
Scientific and Technical Research Council 
and lead author of the CSP letter. And they 
question whether translocated guanacos, 
which are adapted to Patagonia’s harsh en- 
vironment, will thrive in their new homes, 
which have different ecosystems. They also 
fear animals imported from different pop- 
ulations could interbreed and reduce their 
genetic fitness. “The long-term viability of 
the population becomes uncertain,” says 
Benito Gonzalez, chair of the South Ameri- 
can Camelid Specialist Group of the Inter- 
national Union for Conservation of Nature. 

Critics also say the environment minis- 
try hasn’t required adequate studies before 
approving translocations. They note that 
Argentina’s National Parks Administration 
(NPA) gave sharp scrutiny to a proposal 


upd: 


Plan to ‘rewild’ Argentina’s guanacos stirs debate 


from ReWilding Argentina to move gua- . 


nacos to the Impenetrable National Park. 
NPA concluded more research was needed 
before it could advance the plan. Among 
the unanswered questions were whether 
guanacos had actually once lived in the 
park, and how climate change might affect 
the long-term viability of a new population. 
In the meantime, the authors of the Bio- 
logical Conservation letter say the flare-up 
has had a “silver lining” by drawing public 
attention to a discussion “that was previ- 
ously silenced or unfolding in the shad- 
ows: the when, where, how, and why of 
implementing rewilding strategies.” 


Kata Karath is a journalist in Quito, Ecuador. 


science.org SCIENCE 


PHOTO: JORGE SAENZ/AP 


INFECTIOUS DISEASE 


A chikungunya vaccine is likely 
to get approved. Who will get it? 


Travelers are first, but the real need is in endemic areas 


By Jon Cohen 


he first vaccine against the mosquito- 
borne viral disease chikungunya will 
likely come to market next month. 
With the debilitating disease now 
afflicting more than half the coun- 
tries in the world and threatening to 
spread further, the imminent U.S. Food and 
Drug Administration (FDA) approval of the 
vaccine is “great news,” says Scott Weaver, a 
virologist at the University of Texas Medical 
Branch whose own lab started to work on a 
chikungunya vaccine nearly 2 decades ago. 

The vaccine, made by the French com- 
pany Valneva, will likely be recommended 
mainly to US. travelers at first. But many 
expect an FDA approval will also grease the 
wheels for the vaccine to become available 
in the most affected countries. 

First documented in 1952 in modern-day 
Tanzania, chikungunya means “disease that 
bends up the joints” in Kimakonde, an East 
African language. Although rarely fatal, 
chikungunya virus causes long-term, debili- 
tating joint pain in up to 40% of people it 
infects, most of whom live in warm climates 
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that have large populations of two mosquito 
species, Aedes aegypti and A. albopictus. 
Almost all cases in the United States have 
been in travelers who have returned from 
affected countries. 

The vaccine consists of a lab-weakened 
version of the virus that does not cause dis- 
ease, and it is likely to be approved without 
the usual efficacy data from human trials. 
FDA agreed with Valneva—and wide con- 
sensus in the field—that a standard efficacy 
trial comparing rates of disease in people 
who receive the vaccine versus dummy shots 
was not feasible. “The virus spreads tremen- 
dously fast,’ leaving too little time to launch 
and complete a trial, says Barbara Schnierle, 
a virologist at the Paul Ehrlich Institute who 
studies chikungunya. (Schnierle advises the 
European Medicines Agency about HIV vac- 
cines but is not involved with Valneva’s ap- 
plication there.) “Logistically, you will never 
be able to do a normal phase 3 study.” 

Valneva instead staged studies that 
showed 99% of people who received a sin- 
gle shot developed long-lasting antibodies 
that could neutralize the virus in test tubes. 
The company went on to show that when it 


Paraguay this year has had one of the world’s 
largest outbreaks of chikungunya virus, which 
put this man in San Lorenzo in the hospital. 


infused monkeys with these antibodies and 
then gave them the virus, the animals con- 
trolled viral levels and did not develop any 
symptomatic disease. If the vaccine wins ap- * 
proval, FDA will require Valneva to conduct 

a postmarket study in humans to evaluate 
whether it actually protects against disease 
in the real world. 

Valneva’s expected approval comes after 
years of frustratingly slow progress. More 
than 5 decades ago, the U.S. Army made a 
chikungunya vaccine that protected mon- 
keys and even entered a small human trial, 
but the military saw little need for it and ‘ 
didn’t advance the research. Other efforts ‘ 
similarly languished, in part because at the 
time, the disease surfaced only sporadically 
in a few African and Asian countries. 

In 2004, however, Kenya had the world’s 
first documented large-scale outbreak of chi- 
kungunya in 30 years. The next year, a large . 
outbreak hit Réunion Island, an overseas 
territory of France in the Indian Ocean that 
had never detected a case. Estimates suggest 
nearly 40% of islanders were infected, and 
85% developed debilitating symptoms. 

Analyses of the circulating virus showed 
it had mutated to allow replication in the 


A. albopictus mosquitoes, which have a 


different range from its original host, A. 
aegypti. The virus also became better at 
copying itself in both species, increasing 
transmission to humans. Outbreaks soon 
exploded in India, Thailand, the Caribbean, 
and Brazil. Chikungunya did so well that in 
many locales, it bumped out dengue virus, 
which the same mosquito species transmit. 
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To date, more than 100 countries have re- 
ported local transmission of the virus. “It 
just took over entire mosquito populations 
and caused large outbreaks,” says virologist 
Timothy Endy, who heads a chikungunya 
vaccine program at the Coalition for Epi- 
demic Preparedness Innovations (CEPI), a 
nonprofit that provides funding to Valneva 
and other developers. 

Serious interest in vaccines finally 
ramped up—including the one made by 
Valneva, which it licensed from a group 
at the Karolinska Institute. An inactivated 
virus candidate from India’s Bharat Bio- 
tech, which may be safer for pregnant and 
immunocompromised people, is close on 
the heels of the Valneva shot. 

Last week, a chikungunya vaccines 
working group that advises the Centers 
for Disease Control and Prevention (CDC) 
recommended the Valneva shot primarily 
be offered to U.S. adults who will be visit- 
ing countries that have active outbreaks. 
Travelers older than 65 or with preexisting 
medical conditions that might make them 
more susceptible to severe disease also 
“may be considered” for a vaccine if they 
are visiting a country that had an outbreak 
within the past 5 years, the working group 
to CDC’s Advisory Committee on Immuni- 
zation Practices (ACIP) said. Also eligible: 
people staying in endemic countries for at 
least 6 months and lab workers who handle 
the virus as part of their research. Endy, 
a U.S. Army researcher for 24 years, sus- 
pects the military will recommend the vac- 
cine for its members traveling to affected 
areas, because chikungunya could “bring 
battalions down.” 

Now, he says, “We need to invest in the 
appropriate conversations and regulatory 
approvals” to make the vaccine available 
to people beyond wealthy travelers. Among 
the countries that could really use the vac- 
cine are Brazil and Paraguay, which to- 
gether have seen 75% of the world’s 440,000 
reported chikungunya cases this year. With 
CEPI’s help, Brazil’s Butantan Institute is 
partnering with Valneva to bottle the vac- 
cine and make it affordable there and to 
other middle- and low-income countries. At 
the ACIP meeting, a Valneva representative 
said it will likely sell for about $350 a dose 
to U.S. travelers. Endy expects Butantan will 
charge about $10 to $20 per dose. 

Climate change may make chikungunya 
vaccines even more important. Warming 
climates are altering mosquito populations, 
which Schnierle notes are already moving 
north in Europe. “We've had local outbreaks 
in Italy, Spain, and France from travel- 
ers coming back from tropical countries,” 
Schnierle says. “Climate change will change 
the whole situation.” 
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Ancient fish reveal the origin 
of the shoulder in vertebrates 


Cleft in fossil skull suggests solution to a long-standing 
mystery: shoulder tissue evolved from gill arches 


By Elizabeth Pennisi 


esearchers have traced an evolution- 

ary connection between the throats 

of ancient fishes and the anatomy 

that allows you to swing a golf club 

or reach a high shelf. The vertebrate 

shoulder, they conclude, arose in part 
from ancestral fishes’ gill arches, curved 
supports encircling the throat. 

The analysis, reported in Nature this 
week, helps reconcile two existing ideas 
about where the bones connecting our 
arms to our trunks came from: the tissues 
of the head or lateral folds along ancient 
fishes’ bodies. In the new picture, based 
on detailed studies of 400-million-year-old 
fossils, each is given a role in the evolu- 
tion of paired limbs. The paper “may be a 
major step toward the final resolution of 
[this] long-standing question,” says Shigeru 
Kuratani, an evolutionary morphologist at 
the RIKEN Center for Biosystems Dynamics 
Research who was not involved in the work. 

About 500 million years ago, vertebrates 
were jawless marine creatures with tails but 
no paired fins, and numerous, paired gill 
arches. Fast forward 100 million years, and 
fish called placoderms swam the seas, with 
jaws and a primitive “shoulder” or pectoral 
girdle supporting paired front fins. 

Ichthyologists have long argued that jaws 
arose from an ancestor’s most forward gill 
arch. Another gill arch eventually evolved 
into a head bone called the hyoid. In the 
1800s, biologists suggested the pectoral 
girdle—which eventually gave rise to the hu- 
man shoulder—came from other gill arches. 

Others argued the paired fins, as well 
as their support structures, instead arose 
from lateral folds, flaps of soft tissue that 
ran the length of a fish’s body, represent- 
ing trunk, not head, tissues. It makes sense 
that arms and legs originated in these 
folds, but “the girdle is more complex as 
it has links to head and its musculature,” 
says Martin Brazeau, a paleontologist at 
Imperial College London. “How you get 
that is quite a mystery.” 

Pondering this while walking his dog, 
Brazeau considered CT scans of the braincase 
of a placoderm called Kolymaspis sibirica, 


collected more than 60 years ago in Siberia. 
He was intrigued by a hole, or divot, at the 
back of the head on each side of the brain- 
case, which once held cartilage. He won- 
dered whether that cartilage had once been 
connected to a gill arch. 

Brazeau and his colleagues took a fresh 
look at placoderm fossils, including a close 
relative of Kolymaspis called Brindabellas- 
pis. By comparing the position of the divot 
in Kolymaspis with other divots in other 
fossils, the researchers concluded it does 
represent the most tailward of a series of 
attachment points that once linked verte- 
brate braincases to their gill arches. 

Known placoderms have at most five 
gill arches, others having evolved into 
jaws and the hyoid, so the pectoral girdle 
derives from what was once the sixth gill 
arch, Brazeau’s team concludes. At first, 
the pectoral girdle enabled gill-lifting 
muscles to better open the mouth, lead- 
ing to the evolution of diverse fish feeding 
systems, Brazeau says. Later it evolved to 
support paired fins, which he agrees came 
from trunk tissue. 

The divot, or the area that was once the 
sixth gill arch, is an anatomical landmark, 
dividing head from trunk tissue, Brazeau 
and his colleagues say. Developmental stud- 
ies in living fish support this idea, he says, 
showing that a muscle in this region called 
the cucullaris develops from head tissue. 

“There’s some tantalizing evidence in 
this paper,’ says William Bemis, an evo- 


lutionary morphologist at Cornell Univer- . 


sity. But he cautions that because “the gill 
arches aren’t known in any of these fossils, 
it’s all hypothetical.” 

Rui Diogo, a biological anthropologist at 
Howard University, has no doubts. “It’s in- 
teresting to see a fossil so clearly showing 
this, as we have evidence from other fields,” 
he says. Embryological studies by him and 
others show the shoulder tissue in many 
vertebrates, including fish and humans, 
develops from the same kind of tissue as 
the head, whereas the pelvis, arms, hands, 
legs, and feet all develop from trunk tissue, 
he says. “Independently, we have arrived at 
the same conclusion and this [fossil] is the 
most compelling direct evidence.” 
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Researchers are ringing the Atlantic with hundreds of sensors 
in a bid to track how ocean warming is affecting coastal ecosystems 


ne wrong move, and the sea- 
battered granite boulders lining 
North Beach here can break an 
ankle. But this summer, marine 
biologist Fernando Lima hopped 
among the algae-covered rocks 
like a child playing hopscotch. 
He eventually settled next to a 
suitcase-size boulder that held 
what he sought: an electronic sensor, just 
3 centimeters wide and shaped like a hockey 
puck, that he and his research team had em- 
bedded in the rock the year before. 

Lima, who works with the Biopolis Associ- 
ation and the Research Centre in Biodiversity 
and Genetic Resources at the University of 
Porto, aimed to download data from the sen- 
sor. First he had to pry off an interloper: a 
limpet, a coin-size, hat-shaped snail that nor- 
mally clings tenaciously to tidal zone rocks 
but had taken up residence on the gray epoxy 
seal protecting the sensor. Limpet evicted, 
Lima took out an iPhone and began to down- 
load data, including hourly temperature mea- 
surements recorded over the past year. 

The July fieldwork was just a small part 
of an ambitious and unprecedented effort to 
deploy legions of the small sensors—which 


SCIENCE science.org 


By April Reese, in Viana do Castelo, Portugal 


Lima’s team has helped perfect—all along the 
shores of the Atlantic Ocean. The goal: to fill 
a big gap in understanding of how climate 
change and other factors are affecting the 
notoriously harsh and highly dynamic inter- 
tidal zone, where powerful waves and rising 
and falling tides can create a complex mosaic 
of microhabitats with dramatically differ- 
ent conditions within the same small patch 
of shoreline. 

Satellites and airborne sensors provide 
only coarse measurements along these rug- 
ged continental edges, and buoys typically 
float too far from shore to allow accurate 
readings. In contrast, the on-site sensors can 
reveal substantial temperature differences in 
intertidal areas just meters apart. 

Over the past 15 years, Lima and marine 
biologist Rui Seabra, who co-leads the At- 
lantic Ocean Coupled Coastal Temperature 
and Biodiversity Observation Network, as 
the project is called, have embedded nearly 
1800 sensors at 162 locations along the Atlan- 
tic’s eastern and western shorelines. Just this 
summer and fall, the researchers, with help 
from collaborators on both sides of the At- 
lantic, have installed hundreds of additional 
sensors along 21,500 kilometers of shoreline. 


Researchers check on a temperature sensor 
installed near fire coral on the island of Santiago 
in the Cape Verde archipelago. 


At each site, they and their collaborators also ; 


collect images of flora and fauna, to be identi- 
fied later. Ultimately, they hope to instrument 
320 sites and obtain a detailed view of how 
thermal conditions are affecting intertidal 
organisms across the entire Atlantic region. 
The network could provide “the seminal 


ny 


data set for how climate change is affecting . 


intertidal species,’ says biologist Gray Williams 
of the University of Hong Kong. These new 
data could also aid efforts to protect marine 
biodiversity as the ocean changes, says bio- 
logist Brian Helmuth of Northeastern Uni- 
versity, who supervised Lima when he was a 
Ph.D. student in the early 2000s. “These very 
localized measurements,” he says, are “critical 
for any kind of management strategy.” 


IT TOOK YEARS for Lima and his team to per- 
fect the loggers, the scaffolding on which 
the entire project hangs. The first iteration, 
fielded in 2008, was inspired by a sensor 
created by Helmuth in the late 1990s that 
used a real mussel shell to house some off- 
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Coastal sentinals 

Nearly 1800 sensors (@) now monitor 
temperatures at about 

160 locations along more than 
21,000 kilometers of Atlantic 
coastline. The Coupled Temperature 
and Biodiversity Observation 
Network, which is still expanding, is 
helping scientists understand how 
climate change and other factors are 
influencing the thermal environments 
of marine organisms in the highly 
dynamic intertidal zone. 


Acloser look 

One of the highest densities of sensors is found along 
the Atlantic coast of Portugal and Spain. Researchers 
here have been collecting data for nearly 15 years. 


Viana do 
Castelo 


Angeiras 


Portugal 


A variable environment 


Made to last 

Current sensors record temperature every 

30 minutes and are designed to survive the 
intertidal zone's crashing surf and swirling currents. 


Epoxy secures 
sensor in place 


At a site in Portugal, the sensors revealed that intertidal temperatures vary greatly, even in locations 
just meters apart. Locations exposed to the Sun at low tide can be much warmer (orange bars) than less 


exposed nearby locations (blue bars). 
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the-shelf electronics. Lima opted to use 
a limpet shell instead, creating what he 
called “robolimpets.” 

At the time, researchers were still primarily 
using measurements of sea surface tempera- 
ture to gauge the thermal stress experienced 
by organisms in the intertidal zone. But robo- 
limpets Lima installed at 13 sites along the 
coast of Spain and Portugal confirmed that 
approach missed potentially crucial variation 
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and underestimated how hot some animals 
were getting. The devices, which recorded 
temperatures every 30 minutes, showed that 
at low tide, invertebrates clinging to south- 
facing boulders experienced temperatures 
much higher than their north-facing counter- 
parts just meters away, even at the northern- 
most sites. The study, published in 2011 in 
the Journal of Experimental Marine Biology 
and Ecology, also showed much larger daily 


temperature fluctuations than those inferred 
from sea surface readings. 

Those thermal differences have impli- 
cations for how different marine animals 
and plants might respond to warming seas, 
the researchers noted. Organisms living in 
microhabitats with higher peak tempera- 
tures, for example, might be able to adapt to 
warmer waters, or migrate just a short dis- 
tance to survive. But those adapted to cooler 
temperatures might only survive if they can 
shift their ranges poleward. 

The research also revealed some un- 
expected drawbacks in the early robolimpet 
design. At some shorelines popular with visi- 
tors, Lima recalls, “we kept losing them.” The 
problem: “They looked like limpets,’ which 
people like to eat, he says. “So people were 
just collecting them all the time.” Large num- 
bers were also lost to Portugal’s notoriously 
strong surf. 

Over the next decade, Lima worked with 
Seabra, who first joined the project as a 
graduate student, to improve the sensors, en- 
hancing data storage, battery life, and other 
attributes. The latest version, known as the 
Envlogger, sports a thick plastic housing in- 
stead of a limpet shell, can store data for a 
year or more, and has a battery life of 5 years. 
And unlike robolimpets, the Envlogger can 
be embedded in a rock, making it less vulner- 
able to would-be harvesters and waves. 

As word of the Envlogger’s capabilities 
spread, Lima and Seabra began to field re- 
quests for sensors from researchers around 
the world. To meet the demand and further 
improve the devices, in 2018 the two men 
hired an engineer and founded a nonprofit 
startup, ElectricBlue, that now sells five dif- 
ferent loggers in various colors and shapes. 
The devices, which cost between €55 and 
€80 ($58 to $84) each, have been installed on 
every continent, including Antarctica. 


SO FAR, FEW COASTLINES have the density 
of loggers found at the Viana do Castelo 
site, which is about an hour’s drive from 
Lima’s lab in Vairao and not far from where 
the 46-year-old scientist was raised. About 
50 sensors, some just a half-meter apart, are 
spread in clusters among the rocks. 

The temperature and biodiversity data 
they gather continue to embellish a picture 
of the ecosystem that Lima and his colleagues 
have slowly developed over nearly 15 years. 
During this summer’s visit, Catia Monteiro, 
a postdoc in Lima’s lab who recently docu- 
mented a drop in the abundance of cold- 
water algae species in this region, surveyed 
tangles of brown algae draped across rocks 
by the outgoing tide. Nearby, research assis- 
tant Mar Humet Caballero delicately pressed 
a tiny square black device against the shell 
of a limpet to “listen” to its heartbeat. The 
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Researcher Rui Seabra drills a hole for securely mounting a sensor near Puerto Lobos, Argentina. The devices can record hourly temperatures and store data 
for up to 1 year, enabling scientists to assemble a detailed picture of the intertidal zone’s thermal characteristics. 


instrument produces an infrared beam that 
passes through the shell and reflects off the 
snail’s beating, three-chambered heart. An 
increased heart rate can mean the limpet is 
experiencing heat stress, Lima, Seabra, and 
colleagues noted in a 2016 study. 

This and other Atlantic coast sensor sites 
are revealing “a whole world of thermal 
complexity that we were not fully aware of,’ 
Lima says. For example, the data challenge 
a widespread assumption, based in part on 
satellite data, that intertidal temperatures 
decrease fairly steadily as you move toward 
the poles. Instead, intertidal zones are a mo- 
saic of highly variable microsites with differ- 
ent daily and seasonal temperature profiles. 

Even at cooler, higher latitudes, some 
microsites “routinely experience high tem- 
peratures,’ Lima says. At the same time, 
cooler microsites are more common than 
once thought—even at warmer, more tropi- 
cal lower latitudes. The sensors have also 
revealed how, during summers, the upwell- 
ing of cold water along Europe’s coast—the 
bane of beach-goers—can help cool the 
intertidal zone. 

“This small-scale variability has a pro- 
found impact on the way we think about 
why species are where they are, and what’s 
going to happen in the future,” Lima says. 
The cooler sites, for example, could serve as 
refugia for organisms that otherwise could 
not withstand spiking temperatures. 

One of the most valuable insights the sen- 
sors could provide is which areas are most 
vulnerable to warming, says Williams, who 
has used the loggers to study heat stress in 
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marine snails and is seeking funds to create 
a similar network in Asia. “I think it [can 
help] identify hot spots and to see where 
vulnerabilities will really take place; he 
says. These emerging hot spots are “not going 
to happen in the tropics—it’s actually going 
to be further from the tropics, which is not 
something we would have predicted before. 
And this will allow us to put our focus more 
in areas which are really going to need con- 
servation efforts.” 


WITH HELP FROM a constellation of govern- 
ment and philanthropic funders who col- 
lectively have contributed nearly €750,000, 
Lima and Seabra are now working with 
researchers along the Atlantic coast to fill 


Data collected by the sensors can be easily 
downloaded to a mobile phone. 


gaps in the sensor network. The plan is for 
participants to upload temperature and bio- 
diversity data into a common repository at 
least once a year. 

“If we can do this in a way that’s coor- 
dinated across ecosystems, we can deter- 
mine what the status of biodiversity is,’ says 
Amanda Bates, a biologist at the University 
of Victoria who used Lima’s loggers for a 
forthcoming study on seabirds on New- 
foundland. “Ultimately what we'd really 
love is a weather network for nature. We 
need to understand what’s changing.” 

As they expand the network, Lima and 
Seabra are also hoping to elevate the ca- 
reers of researchers in Atlantic countries 
with fewer resources, particularly those in 
the Global South. The project’s open-access 
data set, expected to come online in 2024, 
should make it easier for scientists doing 
localized studies to address larger ques- 
tions, Lima says—and perhaps boost their 
chances of having their findings published. 

This year, Lima and Seabra embarked on a 
trans-Atlantic logger blitz, covering as much 
coastline as possible. They replaced old sen- 
sors, installed new ones, and met with po- 
tential collaborators. Lima made his way up 
the eastern coast of the United States and 
Canada, as Seabra focused on stretches of 
South America, Iceland, and Scandinavia. 
Next stop: islands in the southern Atlantic, 
in March 2024. “We are focused,” Lima says, 
“on getting this done.” 


April Reese is a science journalist based in 
Aveiro, Portugal. 
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Twenty years ago, the Peruvian Andes 
became home to a long-running study of how 
warming temperatures are affecting forests. 
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wenty years ago, a dozen Peruvian 
biology undergraduates armed with 
machetes and tape measures labori- 
ously cleared a trail down the steep 
eastern flank of the Andes Moun- 
tains near this sleepy Amazonian 
town. They staked out eight study 
plots along a 15-kilometer-long tran- 
sect that stretched from the grass- 
lands found near the relatively cool, treeless 
top of a 4020-meter-high mountain known 
as Apu Kanajhuay down the fog-shrouded 
Kosnipata Valley to the warmer forests below, 
which are soaked by as much as 5 meters of 
rain a year. Along the transect lies some of 
the world’s richest biodiversity. 

Now, those I-hectare plots in and near 
Manu National Park and Biosphere Reserve 
are the centerpiece of one of the longest run- 
ning field studies of how an Amazon forest 
is responding to climate change. The effort, 
known as the Andes Biodiversity and Eco- 
system Research Group (ABERG), involves 
researchers from around the world. It has 
produced thousands of data points and 
scores of publications that have offered new 
insights into how warming and drying are re- 
shuffling tropical ecosystems. 

ABERG has also left an indelible imprint 
on Peru’s scientific community, among the 
weakest in South America. Scientists from 
Europe and North America launched the 
project. But many of the students who helped 
hack out the original study plots went on to 
earn doctorates and academic posts and are 
now helping train a new generation of Peru- 
vian scientists. The initiative became a “cra- 
dle of biologists,” says William Farfan-Rios, 
a Peruvian ecologist at Wake Forest Univer- 
sity (WFU) who was one of those machete- 
wielding students. 

Earlier this year, Farfan-Rios was one of 
more than 30 scientists who gathered at the 
Manu Biological Station here to mark the 
20th anniversary of ABERG. Over 3 days in 
June, participants celebrated the project’s 
success at revealing an astonishingly diverse 
ecosystem and establishing a baseline for fu- 
ture studies of climate effects. But they also 
pondered emerging threats. The trail con- 
necting the field plots has become a transit 
route for drug couriers, for example, and il- 
legal gold mining is altering nearby ecosys- 
tems. And climate change itself may wipe 
out some of the biodiversity, which is still 
poorly understood. ABERG’s “fundamental 
[research] questions remain the same,” says 
Patrick Meir of the University of Edinburgh, 
one of the effort’s original scientists. “But the 
context has become more urgent.” 


ABERG’S ROOTS reach back to the 1990s, 
when a flurry of studies coming out of the 
Manu park revealed that the region, where 
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Vertical thinking 


A35-kilometer-long transect rises from hot, steamy jungle at about 200 meters 
to cooler grasslands near the 4020-meter peak of Apu Kaflajhuay. The 24 study 
plots have yielded data on biodiversity and how tree species and forests along the 


transect are responding to warming. 


Andean montane 
~2200 m-3500 m 


Cloud base 
~1500m 


Amazonian foothills 
~500 m-1000 m 


Amazonian lowlands 
80 m-500 m 


1 A“grass ceiling” 

Many tree species are shifting their distribution 
upslope at an average of 2.5 meters to 3.5 meters 
a year, but the tree line does not always expand 
into high-altitude grasslands. Grass fires, grazing 
livestock, frost, and difficulty in spreading seeds 
could be limiting upward migration. 


2 Landslide response 

Lidar surveys have revealed how forests recover after 
landslides, a major cause of tree mortality. Older 
landslides that keep some residual vegetation develop 
taller, more varied canopies. 


3 Species riches 

Researchers have described many new species 
previously unknown to science, including a 
tree genus, Incadendron esseri, that grows at 
1800 meters to 2400 meters. 


the Amazon lowlands meet the Andean 
cloud forest, is a biodiversity hot spot. It 
held notably high numbers of plant spe- 
cies and was an ornithologist’s paradise, 
reported researchers at the National Uni- 
versity of Saint Anthony the Abbot in Cusco 
(UNSAAC) and foreign universities. 

In 2002, in a bid to organize efforts to 
document the region, Conservation Inter- 
national and the Missouri Botanical Garden 
invited researchers from more than half a 


Research & 


area 


Madre de Dios River 


4 Unprecedented warming 

Pollen grains and isotopes in lake sediment cores 
show precipitation and forest composition have 
fluctuated with warming and cooling cycles since 
the last glacial maximum 21,000 years ago. But 
the current rate of warming is much faster. 


5 Some species can’t cope 

To simulate rising temperatures, researchers 
moved tree seedlings, including of the abundant 
Weinmannia bangii, to lower elevations. Many 
failed to thrive, suggesting some species might 
not adapt to warming. 


6 Clues to the future 

Studies of the functional traits of plants, such 

as their biochemical and morphological 
characteristics, could provide clues to how warming 
could transform the region’s ecosystems. 


dozen universities in the United States and 
Europe to meet at the National Center for 
Ecological Analysis and Synthesis at the 
University of California, Santa Barbara. The 
scientists soon forged a loose alliance: Each 
group would seek funding to conduct its own 
studies but would share its findings—and a 
common research site. 

Some of the researchers already had a 
working relationship with Norma Salinas, a 
botanist then at UNSAAC who was familiar 
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Ecologist William Farfan-Rios measures a tree in the Peruvian Andes. Now at Wake Forest University, he helped establish 
the Andes Biodiversity and Ecosystem Research Group transect when he was an undergraduate student. 


with the area targeted for study. Salinas soon 
became a key figure in ABERG’s develop- 
ment. She recruited rotating brigades of stu- 
dents to create the study plots and spent her 
weekends shuttling people and supplies be- 
tween Cusco and the field site, along a steep 
unpaved road plagued with rock falls. “She 
was an engine,’ recalls WFU tropical eco- 
logist Miles Silman. 

The project’s first decade focused largely on 
tallying the region’s enormous biodiversity. 
Researchers identified 1255 species of trees 
growing in the plots, discovered a tree genus 
(dubbed Incadendron esseri) previously un- 
known to science, and snapped camera-trap 
photos of bush dogs (Speothos venaticus), 
mountain coatis (Nasuella olivacea), and 
Andean bears (Tremarctos ornatus) ranging 
farther afield than expected. 

They also traced the region’s ecological his- 
tory, including how ecosystems responded to 
warming and cooling cycles since the last ice 
age some 21,000 years ago. Some research- 
ers extracted cores of sediment from lakes 
in the region, analyzing oxygen isotopes and 
pollen grains that traced how temperatures 
and vegetation had changed over the past 
46,000 years. Those studies made it clear that 
modern warming in the region was occurring 
more rapidly than it had in the past, raising 
the question that has moved to the center of 
ABERG’s work: How will climate change af- 
fect trees and other organisms along its slop- 
ing transect? 

In general, climate scientists expect plant 
species that are adapted to warmer, lower el- 
evations to shift upslope as higher elevations 
become warmer and more welcoming. But 
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exactly how this process works—and which 
species will benefit or be harmed—remains 
murky, especially in tropical regions. 

To help provide some clarity, ABERG 
researchers ultimately expanded their net- 
work of research plots from eight to 24. 
Temperatures drop by about 19°C from the 
lowest plot, which sits at about 200 me- 
ters, and the highest, at about 3650 meters. 
ABERG researchers “are really working in 
the most dramatic environmental gradient 
in the tropics,’ says tropical ecologist Bill 
Laurance of James Cook University, who is 
not involved in the effort. “That’s the kind 
of place where we expect to see climate 
change and its broader effects manifesting, 
but there are tons of things about it that we 
don’t understand yet.” 


AS EXPECTED, some kinds of trees are ex- 
panding their range upslope, as an ABERG 
team led by tropical ecologist Kenneth Feeley 


The seeds and leaves of Incadendron esseri, a tree 
genus found along the transect that is new to science. 


of the University of Miami showed in 2010. ‘ 


From 2003-04 to 2007-08, trees in 38 genera 
migrated upslope at a rate of 2.5 to 3.5 verti- 
cal meters a year, they reported in the Jour- 
nal of Biogeography. That was a slower pace 
than the researchers had expected, and it 
raised concerns that some species would not 
be able to keep up with the region’s warming, 
which has advanced by 0.5°C to 1°C over the 
past 20 years. 

But although trees are shifting upslope, 
studies show the tree line separating for- 
est from high-altitude grassland is hold- 
ing steady. A number of factors may be 
preventing the trees from colonizing the 
grasslands, researchers say, including lim- 
ited frost tolerance, an inability to disperse 
seeds, and human activities such as graz- 
ing livestock and burning vegetation. But 
species unable to penetrate this “grass ceil- 
ing” may risk extinction. 


A constant theme at the meeting was how . 


much scientists still don’t know. More than 
half of the 1255 identified tree species found 
in the field plots, for example, are known 
from just one individual. And in many 
cases researchers have never seen those 
trees flower or fruit. As result, Feeley says, 
“We don’t know what their roles are” in the 
ecosystem, or how they might respond to cli- 
mate change. 

The researchers hope to eliminate some 
of those unknowns in coming years. One key 
question is how a warming climate could af- 
fect species’ biology, and therefore their role 
in ecosystems. To find answers, they hope to 
make greater use of research technologies— 
such as remote sensing and genetic analyses— 
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The Andes Biodiversity and Ecosystem Research Group study plots sit in a biodiversity 


hot spot known for its rich flora and fauna, including primates. 


that weren’t widely available 2 decades ago. 
They would also like to replicate experiments 
done elsewhere that have pumped carbon di- 
oxide into enclosed forest areas to see how 
plants might respond to high carbon levels 
in the future. So far, however, the researchers 
don’t have the necessary funding. 

ABERG researchers are also considering 
ways to conduct studies that could help lo- 
cal residents and Indigenous communities 
improve their lives and protect a world- 
renowned biodiversity hot spot. Ongoing 
habitat loss means “we're throwing stuff away 
before we know what role it plays,’ Feeley 
says, “and that’s a dangerous thing to do.” 


ABERG’S CONTRIBUTION to strengthening Pe- 
ru’s scientific community has been equally im- 
portant. Several of the dozen undergraduates 
who helped establish the early study plots 
were the first in their families to attend col- 
lege, for example. Eight of the 12 went on to 
earn doctorates and now oversee research 
of their own. Five have returned to work in 
Peru, and others pursue research in Peru 
from universities elsewhere. 

Salinas recalls that one key to recruiting 
those students was the paid internships 
she could offer thanks to ABERG funds— 
“something that had never been done at 
the university.” Later, as foreign graduate 
students arrived, she matched them with 
Peruvian field assistants drawn from stu- 
dents she worked with. The Peruvian stu- 
dents soon found themselves immersed in 
an academic culture in which professors 
and graduate students welcomed their 
questions and ideas, unlike the formal, hi- 
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erarchical style they usually encountered 
in their studies. 

Ecosystem ecologist Walter Huaraca 
Huasco was one of those field assistants. He 
grew up in a small Andean village and spoke 
only Quechua until he was 7 years old. When 
he saw that students who spoke English had 
more opportunities, he learned that language 
the same way he had learned Spanish—by 
watching TV shows. Working with ABERG 
gave him a chance to learn to use a compass, 
an altimeter, and a GPS mapping unit, he re- 
calls. “It was technology we didn’t have here,” 
says Huaraca Huasco, who went on to earn a 
Ph.D. at the University of Oxford, where he 
continues to study carbon cycling. 

Richard Tito, another assistant, was the 
son of rural Andean farmers and spoke only 
Quechua until he became the first person 
from his community to go to college. When 
he was a doctoral student in Brazil, he de- 
signed an experiment based on ABERG’s tree 
migration studies with farmers in his home 
community in the Apurimac region. the 
goal was to understand how climate change 
would likely affect crop plants, such as pota- 
toes and corn. They found that a warming 
climate could reduce both the yield and the 
quality of their crops, says Tito, who is now 
on the faculty of the National University of 
San Marcos in Lima, Peru. 

Tito’s research, Feeley says, underscores 
how Peruvian scientists, particularly those 
who speak Quechua, can relate to local peo- 
ple in a way that foreign scientists cannot. 
Peruvian researchers also have a distinct per- 
spective on how science can influence public 
policy in their home nation. 


PERUVIAN STUDENTS who earn advanced 
degrees abroad often face difficulty return- 
ing home because of a lack of research op- 
portunities. After she completed her Ph.D. at 
Oxford, Salinas found there was no job for 
her at her previous employer, UNSAAC. (She 
ultimately found one at the Pontifical Catho- 
lic University of Peru.) Such obstacles are one 
reason why Peru’s scientific workforce has 
long lagged behind other South American 
nations. In 2020, it had just 0.44 research- 
ers per 1000 workers, compared with the 
Latin American average of 2.23, notes Pedro 
Bernal, principal adviser to the president 
of CONCYTEC, Peru’s national science and 
technology council. Still, he notes that Peru 
has gained ground since 2011, when that fig- 
ure was 0.07. 

The country is aiming higher, hoping 
to match the roughly nine researchers per 
1000 workers found in the 38 nations that 
are members of the Organisation for Eco- 
nomic Co-operation and Development. Over 
the past decade, for example, the govern- 
ment has helped fund new positions for 
172 researchers, including 102 Peruvians. 
Among the beneficiaries was Salinas, who in 
2019 received a $1 million grant that enabled 
her to add six postdoctoral researchers— 
including five Peruvians—to her team, which 
was studying secondary forests in Peru. 

Tatiana Boza Espinoza, who was one of 
Salinas’s six postdocs, is now launching her 
own effort to strengthen Peruvian science. 
As a research adviser at Peru’s National In- 
stitute for Research on Glaciers and Moun- 
tain Ecosystems, she is collaborating with 
other institutions to design a new doctoral 
program at the National University of San 
Marcos. It aims to win funding from a World 
Bank program that will provide grants of 
more than $4 million each to 20 consortia to 
develop graduate programs in fields related 
to coping with climate adaptation and infor- 
mation technology. 

One day, some of those students might 
end up working with ABERG—bringing a 
story that began 2 decades ago full circle. 
In the meantime, the project’s most recent 
class of undergraduates has just finished 
its work, which it presented at the June 
meeting. Many of the young scientists 
thanked the doctoral students, who of- 
ten had once been field assistants them- 
selves, for mentoring and advice. It was a 
reminder of how ABERG has helped bol- 
ster Peruvian science, Feeley says. “I love 
to see the students who are finishing their 
Ph.D.s—who started in the field, studying 
English with a headlamp—[who] are now 
professors and publishing,” he says. “The 
bar has been raised.” 


Barbara Fraser is a freelance journalist in Peru. 
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A boy wades in what is 
left from a kilometer- 
wide affluent of the 
Rio Negro River, near 
Manaus, Brazil, as 

the region is hit by a 
severe drought. 


Water scarcity is exacerbated in the south 


The Southern Hemisphere has experienced a 20% drop in water availability in 20 years 


By Giinter BléschF and Pedro L. B. Chaffe? 


ater availability—the difference 
between precipitation and evapo- 
ration—is expected to decrease in 
many regions of the world because 
climate change has modified the 
water cycle, more water will be 
abstracted by the growing population, and 
water pollution will continue to limit clean 
water (J). Estimates of changes in water 
availability are uncertain at continental 
and global scales because measurements of 
precipitation and evaporation tend to be in- 
direct or only locally representative (2). On 
page 579 of this issue, Zhang et al. (3) report 
a study that combines streamflow observa- 
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tions of large river basins of the world with 
terrestrial precipitation data and satellite 
measurements of evaporation and water 
storage to show that water availability in 
the Southern Hemisphere has substan- 
tially decreased from 2001 to 2020. With 
their approach, the authors have improved 
the reliability of water availability esti- 
mates, which could help improve long-term 
water management. 

Zhang et al. used a consistent method to 
validate ensembles of water availability es- 
timates. For the Northern Hemisphere, the 
authors find no change in average water 
availability from 2001 to 2020, whereas for 
the Southern Hemisphere, water availability 
decreased by 70 mm per year, which corre- 
sponds to a reduction of about 20% over the 
entire period. This means that the global 
trend in water availability is brought about 
by changes in the Southern Hemisphere. 
Similarly, the year-to-year variability in wa- 


ter availability is mainly caused by changes 
in the south. According to the authors, in 
arid regions of the Southern Hemisphere, 
these changes are predominantly related 
to increased evaporation, whereas in hu- 
mid regions in the south, they are mainly . 
related to decreased precipitation. Both 
trends and the year-to-year variability of 
water availability are aligned with climate 
modes (long-term variations of the climate 
that are related to ocean processes), such 
as El Nino-Southern Oscillation (ENSO). 
ENSO can trigger droughts and floods in 
certain parts of the world. For example, in 
2023, droughts hit Amazonia while, at the 
same time, Southern Brazil suffered floods. 

The findings of Zhang et al. for the 
past two decades suggest future water 
management challenges in the Southern 
Hemisphere. Long-term water availability, 
as reflected in streamflow and groundwater 
recharge, is the base value against which to 
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assess planned water abstractions for irriga- 
tion, industry, and households while leaving 
water available for ecosystems. When water 
availability in streams and groundwater 
drops below water demand, drought con- 
ditions are felt by ecosystems and people. 
This was the case during 1996 to 2010 in 
Australia (4), 2013 to 2015 in South America 
(5), 2015 to 2018 in South Africa (6), and 
during several other droughts in the past 
two decades in the Southern Hemisphere. 

The consequences of declining wa- 
ter availability over decadal scales are 
manifested in decreasing streamflow and 
groundwater levels in vast swaths of land. 
For example, substantially decreasing 
trends of streamflow have been observed 
in large parts of South America (7). Water 
availability fluctuations must also be con- 
sidered at shorter timescales (months). In 
regions with seasonal rainfall, evaporation 
may quickly dry out the soil at the onset of 
the dry season, leading to flash droughts 
(4). Counterintuitively, in a drier climate, 
rainfall may be more concentrated in the 
wet season (2), leading to floods instead of 
groundwater replenishment. More droughts 
and floods represent an acceleration of the 
terrestrial part of the water cycle (faster 
storage and movement of water between 
land, ocean, and atmosphere), leading to 
increased ecosystem degradation through 
tree mortality and thus greater carbon diox- 
ide emissions. This situation has been tak- 
ing place in Amazonia (8), further intensify- 
ing climate change effects. 

The impact of droughts and floods on hu- 
mans have been enormous, affecting more 
than 3 billion people with damages exceed- 
ing $780 billion US dollars worldwide in 
the past two decades (1). Measures to miti- 
gate their effects include construction of 
infrastructure, such as storage dams and 
diversions for irrigation; nature-based so- 
lutions, including enhancing infiltration of 
rainwater into the soil; and soft measures, 
such as water savings through crop choice 
and raising awareness. However, human re- 
sponse to water stress may have unexpected 
repercussions on the water cycle. In parts 
of South America, increased water use for 
agriculture has contributed 30% to rising 
drought trends of streamflow (7). More gen- 
erally, water stress in semiarid regions glob- 
ally may be amplified by greater irrigation 
demand under climate change (2). 

Long-term feedbacks between humans 
and water in catchment areas may further 
exacerbate water shortages (9). Water res- 
ervoir construction tends to increase water 
demand, leading to the paradoxical effect 
that society becomes more vulnerable rather 
than more resilient. Examples of this are the 
2015 to 2018 Cape Town drought (6) or even 
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the water scarcity that hit the ancient Maya 
in the 9th century (J0). In both cases, water 
consumption was far above natural water 
availability without reservoirs. Similarly, 
the construction of levees—embankments 
built along river edges—tends to increase 
vulnerability to large floods because citizens 
are enticed to move into flood plains (12). 
Comparative analyses of droughts and floods 
in different parts of the world have shown 
that societies reduce their vulnerability only 
if events of similar magnitudes have been ex- 
perienced in the past (72). These long-term 
feedbacks are of particular interest in vul- 
nerable parts of the Southern Hemisphere, 
where many countries are mid- to low-in- 
come, with limited technological and finan- 
cial means that would help them overcome 
environmental crises. 

There are water management challenges 
ahead brought about by reduced water 
resources in the Southern Hemisphere. 
Reduced water availability requires a shift 
from crisis response to long-term, proac- 
tive water management, as advocated in 
the Prague Statement of the International 
Association of Hydrological Sciences 
(IAHS) (13). This proactive water manage- 
ment needs to be aligned with global goals, 
such as the United Nation’s Sustainable 
Development Goals, while also drawing on 
the expertise of local citizens, hydrologists, 
and water managers. Strategies may rely on 
robust solutions under different possible 
futures that include long-term feedbacks of 
the coupled human-water system. These so- 
lutions may include diversifying water sup- 
ply and flood protection systems and plan- 
ning for flexibility in water use to reduce 
the potential impact of extreme events. 
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BATTERIES 


Solid 
electrolytes 
redefine ion 
conduction 


A mechanism of ion 
transport in solid 
electrolytes can guide the 
design of lithium batteries 


By Anton Van der Ven 


ommon lithium (Li)-ion batteries 

have profoundly transformed mod- 

ern society by altering how energy 

is generated and consumed. Every 

charge and discharge cycle of a bat- 

tery requires shuttling Li ions over 
large distances—micrometers to millime- 
ters. Commercial Li-ion batteries contain 
a liquid electrolyte to facilitate the rapid 
transfer of Li ions between the anode and 
the cathode, but there is a strong incen- 
tive to replace this with a solid electrolyte. 
Solid-state batteries promise to be safer 
and more compact than those with liquid 
electrolytes and could enable a substan- 
tial increase in the energy density of Li- 
ion batteries (7). However, ion transport 
through most solids is sluggish compared 
with that in liquids. On page 573 of this is- 
sue, Yu et al. (2) provide a detailed study on 
Li-ion transport optimization in the solid 
state, which will guide the development 
of a promising class of solid-electrolyte 
batteries. 

The fastest solid-ion conductors are 
metal sulfides and oxides, but those com- 
pounds that exhibit high Li-ion conductivi- 
ties are susceptible to decomposition reac- 
tions when placed in physical contact with 
the cathode or anode (1). Moreover, many 
metal oxides and sulfides do not possess 
suitable mechanical properties to accom- 
modate the cyclic stresses that solid-state 
batteries undergo as a result of volumetric 
changes of the cathode during cycling (J). 
This has spurred interest in solid electro- 
lytes such as Li-metal-halides, e.g., Li,MX, 
(where M is a metal and X is a halogen). 
These compounds adopt crystal structures 
that can conduct Li ions. Li-metal-halides 
are electrochemically more stable than their 
metal sulfide counterparts and are more 
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ductile than metal oxide fast-ion conduc- 
tors (3). Li-metal-halides have been known 
for several decades, but it is only recently 
that Li-ion conductivity has been optimized 
to approach those of the best metal sulfide 
superionic conductors (4). 

The rational design of fast-ion-conduct- 
ing materials, such as Li-metal-halides, 
requires precise understanding of ion- 
transport mechanisms. The rich diversity 
of crystal structures among candidate 
electrode and electrolyte materials has 
revealed an equally rich variety of ion- 
transport mechanisms (5—8). Ion transport 
in most crystals is mediated by exchanges 
(or hops) of ions to empty (cation-free) 
sites, called vacancies. This mechanism is 
usually slow because it requires thermal 


electrolytes, albeit sacrificing stability and 
precluding widespread use (1). 

Most solid electrolytes are made of in- 
tertwined lattices of different chemical 
species. Negatively charged anions (oxy- 
gen, sulfur, or halide ions) tend to be the 
larger species and often arrange them- 
selves in a crystal that can host positively 
charged cations (metals) within interstitial 
sites, the void pockets within an anion 
crystal. When the anions form a structure 
similar to that of close-packed spheres, as 
in Li-metal-halides, the cations fill inter- 
stitial sites that are either tetrahedrally or 
octahedrally coordinated by anions. Li-ion 
transport in these structures usually oc- 
curs by a succession of hops between octa- 
hedral sites that pass through a tetrahedral 


Lithium diffusion through a solid electrolyte 

Lithium (Li) ions hop through a solid Li-metal-halide electrolyte, which forms an anion lattice with metal 
cations located within octahedral sites. With too many cations, the hopping energy barrier is high and Li 
transport is slow (1). With too few cations, the spacing between anion layers shrinks, impeding transport (2). 
With an intermediate amount of cations, percolating pathways of low-energy barrier tetrahedral sites open 


up, leading to higher Li mobility (3). 


@) 1 Too many metal cations 


Energy 


Hop distance 


activation to overcome the energy barri- 
ers to each hop. The fastest ion-conducting 
solids, by contrast, tend to exhibit liquid- 
like transport of ions along interconnected 
tunnels within a crystal structure. Much 
progress has been made to understand 
the chemical and crystallographic factors 
that foster liquid-like, fast-ion conduction, 
and consequently, powerful design prin- 
ciples have been formulated to guide the 
search for new fast-ion-conducting solids 
(6, 9-11). None of the proven mechanisms 
of fast-ion conduction, however, suggests 
that Li-metal-halides would be a promis- 
ing solid electrolyte. Yet, recent studies 
have demonstrated that Li-metal-halides 
can achieve Li-ion conductivities of 1 mS/ 
cm (4). Conductivities exceeding 10 mS/ 
cm have been achieved in some solid-state 
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3 Intermediate number of cations 
—— 


Optimal— 
spacing 


Octahedral site 


Li ions move along percolating 
pathways of low-energy 
tetrahedral sites 


Narrow 
spacing 


site (5) (see the figure). An octahedral-to- 
tetrahedral-to-octahedral hop mechanism 
favors clusters of vacant sites as the prime 
mediator of ion transport (5). The mecha- 
nism crucially depends on the availability 
of fully “connected” networks of tetra- 
hedral sites that are each surrounded by 
multiple vacancies, forming percolating 
pathways of low-energy barrier hop envi- 
ronments (72). Ion transport by this means 
can become very sluggish when too many 
other cations are present (13). 

The study of Yu et al. establishes a funda- 
mental understanding of the ion-transport 
mechanisms that enable high conductivi- 
ties in Li-metal-halides. By combining mo- 
lecular dynamics simulations with a careful 
analysis of energy barriers and their depen- 
dence on lattice shape and size, the authors 
show that the bottleneck of Li-ion transport 
in Li-metal-halides is the tetrahedral sites 
located between neighboring octahedral 


sites. Yu et al. demonstrate that the ener- 
gies of tetrahedral sites are very sensitive 
to the presence of neighboring cations and 
the spacing between close-packed anion 
layers. Both are affected by the number of 
cations in the compound, but in opposing 
ways: Fewer cations lead to percolating 
pathways of favorable tetrahedral sites, 
whereas more cations serve as pillars to 
maintain an optimal interlayer spacing 
(14). 

The findings of Yu et al. show that re- 
ducing the number of Li and metal cations 
through aliovalent doping (the introduction 
of ion impurities with different oxidation 
states) of Li,MX, (e.g., replacing a fraction 
of M = Y** with Zr**) opens up percolating 
networks of vacancy clusters to facilitate 
low-energy barrier hops. However, owing 
to the sensitivity of the tetrahedral site . 
energies to the lattice geometry, there is a 
limit to the number of cation vacancies that 
should be created through aliovalent dop- 
ing. A sufficient number of cations are nec- 
essary to provide enough interlayer space 
between close-packed anion layers to en- 
sure a low energy barrier for hops through : 
tetrahedral sites. These competing design 
principles lead to an optimal cation-to-an- 
ion ratio that Yu et al. used to synthesize 
a proof-of-concept solid electrolyte with an * 
exceptional Li-ion conductivity. 

Although high conductivities on the 
order of 1 mS/cm have been achieved in 
similar Li-metal-halides (4), and past mod- 
eling studies have shown the importance 
of reducing the cation content to increase 
ion conductivities in these materials (15), 
the findings of Yu e¢ al. enable the articula- 
tion of precise design principles to further 
improve these promising materials (3). A *‘ 
clear understanding of ion-transport prop- 
erties in Li-metal-halides can help achieve 
widespread commercialization of all solid- 
state batteries. 
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DEVELOPMENT 


Sex-biased gene expression in mammals 


Sex differences in gene expression start at puberty and vary across species and organs 


By Marie Sémon 


mong many mammals, males and 

females of the same species look 

different—a phenomenon called 

sexual dimorphism. This includes 

differences in morphology, physiol- 

ogy, and behavior. Sexual dimor- 
phism has long been a topic of interest for 
evolutionary biologists and ecologists (1). 
Around 10 years ago, it was acknowledged 
that disease and drug studies should ac- 
count for sex, making this topic a focus in 
biomedical research too (2). Sexual dimor- 
phism is hypothesized to originate in early 
embryos, but data from prenatal develop- 
ment were lacking. On page 533 of this is- 
sue, Rodriguez-Montes et al. (3) quantify 
sex bias in gene expression throughout 
development in six species—five mammals 
and a bird. They found that sex differences 
arise around sexual maturity, thus refut- 
ing the early-onset hypothesis. They also 
report that sex-biased gene expression has 
rapidly evolved, with consequences for un- 
derstanding evolutionary mechanisms and 
for the use of preclinical data to make pre- 
dictions about sex-specific effects of treat- 
ments in humans. 

In many species, male and female em- 
bryos exhibit different susceptibilities to 
environmental factors during early gesta- 
tion (4), and many diseases with origins 
during embryogenesis exhibit sex biases 
in mice (2). Furthermore, many mouse 
lines with experimentally induced gene 
deletions show clear differences between 
the sexes after controlling for body size 
(5). Therefore, sexual differentiation was 
hypothesized to be a progressive develop- 
mental process. 

Sexual dimorphism can be quantified by 
counting sex-biased genes—either genes 
with quantitatively different expression 
in males versus females or, more rarely 
in mammals, genes expressed exclusively 
in one sex (J, 6). Rodriguez-Montes e¢ al. 
aimed to quantify and date the onset of 
sexual dimorphism in mammals. They col- 
lected a large gene expression dataset from 
the brain, cerebellum, heart, kidney, and 
liver of both sexes in humans (Homo sa- 
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piens), mice (Mus musculus), rats (Rattus 
norvegicus), rabbits (Oryctolagus cunicu- 
lus), opossums (Monodelphis domestica), 
and chickens (red junglefowl, Gallus gal- 
lus) at 5 to 16 time points from early organ- 
ogenesis to adulthood. They then identified 
the onset of sex bias for the expression of 
each gene tested. There were relatively low 
amounts of sex-biased expression in em- 
bryogenesis and a sharp increase around 
sexual maturity. 

Two scenarios could explain this obser- 
vation. Either the sexual identity of organs 
is achieved by sexual hormones at puberty, 
or it is slowly built from embryogenesis on- 
ward by small changes in the expression 
of many genes, which were undetected by 
Rodriguez-Montes et al. Gene expression 
was measured from whole organs, so it is 
also possible that patterns of sex-biased 
gene expression were masked by heteroge- 
neity in cell type abundance between the 
sexes, aS was recently shown in the guppy 
(Poecilia reticulata) (7). The organs studied 
by the authors do not carry a priori major 
sexual characteristics, so studying gonads 
or direct targets of sexual selection may re- 
sult in different findings. 

Rodriguez-Montes et al. found that 
sexual dimorphism did not have the same 


genetic basis in the different species stud- 
ied. This indicates quick evolution of these 
traits, as observed previously between 
humans, macaques (Macaca fascicularis), 
mice, rats, and dogs (Canis familiaris) (8) 
and at a shorter evolutionary scale in the 
experimental evolution of sexual selection 
in Drosophila pseudoobscura (9); however, 
the underlying mechanisms are still un- 
clear. Rapid evolution may be due to ran- 
dom genetic drift or to positive selection 
triggered by a conflict between the evolu- 
tionary interests of the two sexes. 
Rodriguez-Montes et al. found that in 
the liver and kidney, the same cell types 
(hepatocytes and proximal tubule cells, 
respectively) were enriched for sex-biased 
gene expression in different species but 
the specific genes showing sex-biased ex- 
pression differed across species (see the 
figure). Performing functional tests of 
sex-biased genes in closely related species, 
such as mice and rats, would allow the as- 
sessment of whether the species-specific 
gene expression changes correspond to the 
evolution of sexual dimorphism in terms of 
morphology, physiology, or behavior. 
Historically, only male animals were 
used in preclinical research, and male par- 
ticipants were enrolled in clinical trials 


Development of sex-biased gene expression 

During prenatal development and at birth, there are low levels of sex-biased gene expression in organs such as 
the liver in mammals, including mice and rats. Around sexual maturity, there is a sharp increase in sex-biased 

gene expression. The same cell types are affected by this change in different species (hepatocytes in the case 
of the liver), but the specific genes with sex-biased expression differ. 
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(10). These choices were justified by the 
assumptions that the results would be 
equally applicable to females or that ac- 
counting for different sizes in males and 
females would be sufficient to adapt the 
treatments to females (2). However, the 
prevalence and severity of many common 
human diseases differ among sexes, and 
many drugs have sex-specific effects (11). 

Large-scale transcriptome studies, such 
as that of Rodriguez-Montes et al., are use- 
ful because they can guide the interpreta- 
tion of preclinical and clinical trial data by 
providing repositories of sex-biased genes 
in different organs, both in the model 
species used in preclinical studies and in 
humans. However, most sex-biased genes 
were species specific, even in closely re- 
lated species such as the mouse and rat, 
and the trajectories of expression during 
development of thousands of genes (in- 
cluding disease-related genes) differ be- 
tween human and other mammalian spe- 
cies (12). Therefore, it will be difficult to 
apply knowledge on sex biases found in 
preclinical animal studies to predict sex 
biases in clinical trials. 

So far, large datasets quantifying gene 
expression throughout development in 
several species have been used in the study 
of evolution to quantify conservation and 
divergence at different time points (13-15). 
Rodriguez-Montes et al. also integrated 
data on epigenetic modifications, single- 
cell transcriptomes, and genes targeted 
by hormone receptors to provide a func- 
tional interpretation of their findings. To 
understand how sexual dimorphism devel- 
ops and evolves, this integrated approach 
should be used to study species and organs 
for which there is good knowledge of life 
history traits and morphology under sexual 
selection (J). 
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ECOLOGY 


Trophic cascades help 
restore vegetation 


Herbivores and their predators have a major 
impact on restoration outcomes 


By Nacho Villar 


erbivores engineer ecosystems 

through top-down control of vegeta- 

tion, as well as by regulation of plant 

diversity and dispersal, fire sever- 

ity, soil nutrient cycles, and carbon 

stocks, among other processes (J, 2). 
For years, the impact and potential role of 
reintroducing, facilitating, or preventing 
herbivores from accessing areas where res- 
toration of lost or degraded vegetation is 
encouraged has been debated. Resolving this 
question is central to achieving the ambi- 
tious targets of the United Nations Decade 
on Ecosystem Restoration initiative, which 
recognizes the critical role of wildlife in pre- 
venting the decline of biodiversity, restoring 
food webs, and promoting climate change 
mitigation (3). On page 589 of this issue, Xu 
et al. (4) present evidence that herbivores 
have a strong impact on vegetation restora- 
tion and provide insights that could acceler- 
ate restoration efforts. 

In their natural habitats, herbivores re- 
duce the abundance and biomass of plants. 
In terrestrial environments, this usually 
increases plant diversity. Xu et al. analyzed 
evidence from thousands of studies across 
tropical, subtropical, and temperate ter- 
restrial and aquatic ecosystems, and their 
results support this view for relatively un- 
disturbed terrestrial ecosystems. In undis- 
turbed aquatic ecosystems, they found a 
larger net impact of herbivory on vegetation 
biomass and a null net effect on plant diver- 
sity. These results align with previous studies 
that have shown that herbivory can increase 
or decrease plant diversity in aquatic ecosys- 
tems, depending on the context (5). 

To understand the effects of herbivores on 
vegetation restoration, Xu et al. compared 
the effects of herbivores on relatively undis- 
turbed terrestrial and aquatic sites with their 
effects on sites where restoration of lost veg- 
etation was being encouraged. In contrast to 
undisturbed sites, herbivores on restoration 
sites had a net negative effect on diversity 
and a more negative effect on the abundance 
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of plants. Furthermore, the authors showed 
that such negative effects are, in general, 
larger for sites where restoration is actively 
promoted through plantation of vegetation 
(usually a more expensive and logistically 
costly option) than for sites where restora- 
tion is passively achieved through natural 
regeneration. Herbivory also slowed down 
plant recovery, had a more negative effect on 
the abundance of native plant species than 
on exotic species, and, in general, had more 
acute effects on tropical and subtropical 
zones than on temperate ones. These results 
indicate that managing herbivory might 
increase the effectiveness of vegetation 
restoration globally. In terrestrial systems, 
this conclusion suggests that the carbon se- 
questration initiatives that are being run in 
tropical and subtropical forests might also 
benefit from managing herbivory to boost 
aboveground carbon stocks. 

Yet Xu et al. also show that herbivore bio- 
mass per square meter in natural regenera- 
tion restoration areas is approximately twice 
that of undisturbed sites, and, for planted 
restoration sites, it is three times higher. 
These excesses in herbivore biomass also 
came with shifts in herbivore composition. 
Compared with undisturbed sites, sites un- 
dergoing passive natural regeneration ap- 
peared to hold a substantial excess of large 
and especially small vertebrate biomass, and 
planted restoration areas had a threefold ex- 
cess of invertebrate biomass. 

Collectively, these findings suggest that 
the undesired outcome of herbivory in res- 
toration interventions is directly linked to 
compositional imbalances in herbivore com- 
munities and concomitant excesses in her- 
bivore biomass per unit area. This could be 
due to high densities of semidomestic live- 
stock in some sites (a common practice in 
passive restoration interventions), a lack of 
carnivore regulation of wild large herbivore 
densities, or, in other sites, the proliferation 
of small mammals and invertebrates in the 
absence of large herbivores (7). Regardless of 
the cause, the findings indicate that vegeta- 
tion restoration interventions often fail to 
restore the trophic structure, food webs, fau- 
nal compositions, and top-down regulation 
of the ecosystems that they try to replicate. 
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This conclusion challenges the common 
perception that vegetation restoration often 
results in faunal restoration through pas- 
sive re-colonization (6) and highlights that 
ecosystem disassembly and reassembly are 
not symmetrical. In terrestrial systems, for 
example, many wild animals are not likely 
to recolonize (relatively small) restored veg- 
etation patches that are embedded in highly 
fragmented landscapes. This could be due 
to barriers to movement (7) or to local, re- 


restrial ecosystems, where wildlife, in gen- 
eral, and predators, in particular, are slowly 
returning (1/0). The findings suggest that 
this could accelerate vegetation regenera- 
tion. In tropical and subtropical systems, 
predator and herbivore species whose num- 
bers are declining (9) could be reintroduced 
for concomitant restoration of vegetation 
and trophic structure. Yet empirical field 
studies need to be conducted to validate 
this hypothesis. 


Restoring food webs to regenerate vegetation 

Restoration of ecosystems such as forests can be initiated by the active planting of vegetation or by natural 
processes such as seed dispersal by birds. However, excessive numbers of herbivores and imbalances in the 
composition of herbivore communities can limit regeneration through high levels of herbivory. Reintroducing 
predators to the ecosystem can control herbivory and facilitate restoration. 
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omplex behaviors such as navigation 
often require chains of decisions that 
can be mentally simulated ahead of 
carrying out the behavior. The activ- 
ity of spatially coding neurons (place 
cells) in the hippocampus and asso- 
ciated cortical regions has been posited as 
the expression of a “cognitive map,” which 
could serve as a substrate for generating 
these complex behaviors (/). On page 566 of 
this issue, Lai et al. (2) report that rats can 
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gional, or functional extinctions (J, 8). 

An established principle in ecology is 
that, through trophic and behavioral cas- 
cades, predators limit herbivore densities, 
which reduces consumption of vegetation 
and thus increases vegetation biomass (9). 
Xu et al. reviewed the few available stud- 
ies of the impact of predator reintroduc- 
tions on vegetation restoration. The results 
suggest that predator reintroduction might 
be as effective for vegetation restoration 
as removing herbivores (through physical 
exclosures, insecticides, or deterrents) or 
plant-centered solutions (such as decreas- 
ing plant competition or promoting fa- 
cilitation), indicating that the presence of 
predators in an ecosystem plays a critical 
role in the restoration of its vegetation (see 
the figure). A major benefit of this nature- 
based solution is that it enables vegetation 
restoration while also restoring the trophic 
structure and potentially the composition 
and food webs of degraded ecosystems. 

All predator reintroduction studies ana- 
lyzed by Xu et al. come from temperate ter- 
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trophic diversity. 


Although the study of Xu et al. supports 
the importance of trophic cascades and the 
key role of trophic rewilding in ecosystem 
restoration, the specific restoration solu- 
tions applied should also consider local 
contingencies and the broader socioeco- 
nomic context. Their work also emphasizes 
that restoration of the diversity in Earth’s 
ecosystems is intrinsically linked to the res- 
toration of their biostructure. m 
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tion from the ongoing activity of neurons 
in its hippocampus. This finding is an excit- 
ing expansion of BMI implementation from 
sensorimotor functions to a more cognitive 
domain and suggests that hippocampal ac- 
tivity is under volitional control. In addi- 
tion, the BMI approach provides a new tool 
for probing the circuit-level mechanisms of 
mental navigation and spatial imagination. 

Since neuroprosthetic BMIs emerged 
about two decades ago (3), a basic paradigm 
has been used: Animals, which have been 
surgically implanted with cortical recording 
electrodes, engage in a sensorimotor task— 
for example, moving a joystick to control 
a cursor on a screen. Initial trials are used 
to train a “decoder,’ which maps neural ac- 
tivity to the task space. Once trained, the 
task interface is switched to be controlled 
by decoded ongoing neural activity rather 
than the animal’s physical movements. This 
approach has provided information on the 
neural circuits that plan and control limb 
movements (4) as well as enabling devices 
that restore communication function in in- 
dividuals with severe paralysis (5). So far, 
BMIs have largely targeted neurons from 
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omplex behaviors such as navigation 
often require chains of decisions that 
can be mentally simulated ahead of 
carrying out the behavior. The activ- : 
ity of spatially coding neurons (place 
cells) in the hippocampus and asso- 
ciated cortical regions has been posited as 
the expression of a “cognitive map,” which * 
could serve as a substrate for generating 
these complex behaviors (/). On page 566 of 
this issue, Lai et al. (2) report that rats can 
navigate through a virtual reality (VR) en- 
vironment using a brain-machine interface 
(BMI) that estimates the rat’s mental loca- 
tion from the ongoing activity of neurons 
in its hippocampus. This finding is an excit- 
ing expansion of BMI implementation from 
sensorimotor functions to a more cognitive *‘ 
domain and suggests that hippocampal ac- : 
tivity is under volitional control. In addi- 
tion, the BMI approach provides a new tool 
for probing the circuit-level mechanisms of 
mental navigation and spatial imagination. 
Since neuroprosthetic BMIs emerged 
about two decades ago (3), a basic paradigm 
has been used: Animals, which have been 
surgically implanted with cortical recording 
electrodes, engage in a sensorimotor task— 
for example, moving a joystick to control 
a cursor on a screen. Initial trials are used 
to train a “decoder,’ which maps neural ac- 
tivity to the task space. Once trained, the 
task interface is switched to be controlled 
by decoded ongoing neural activity rather 
than the animal’s physical movements. This 
approach has provided information on the 
neural circuits that plan and control limb 
movements (4) as well as enabling devices 
that restore communication function in in- 
dividuals with severe paralysis (5). So far, 
BMIs have largely targeted neurons from 
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regions whose activity strongly correlates 
with movement and so might be expected to 
be under natural volitional control. 

There has been interest in BMIs that de- 
code cognitive states (for example, affect or 
preference) for neurofeedback or closed-loop 
modulation (6, 7). Critically, unlike BMIs that 
use naturally volitional regions, cognitive 
neurofeedback requires the user to practice 
to achieve the desired patterns of neural ac- 
tivity. Although there have been some reports 
that hippocampal activity might precede mo- 
tor actions (8, 9), the activity patterns of hip- 
pocampal place cells are thought to be largely 
generated from action by the integration of 
sensory information with internal feedback 
on limb position and movement. Whether 
the population code in the hippocampus 


hippocampus can be volitionally controlled 
without training. 

Spatial navigation can be thought of as 
model-based control (10): By using a predic- 
tive model of the world, actions are planned. 
Executing these actions changes the rela- 
tionship of the individual to the world. This, 
in turn, updates sensory information, which 
finally updates predictions from the world 
model. This process is fundamentally a loop, 
but it critically involves motor action and 
sensory feedback. In addition to physically 
traversing the world, humans can mentally 
navigate—for example, choosing routes by 
imagining traveling through them. This 
imagined navigation coarsely activates the 
same temporal lobe brain regions as actual 
navigation (11). However, a deeper circuit- 


Investigating the neural basis of mental navigation 


To enable spatial navigation, sensory information (1) is used to generate a predictive model of the world [cognitive 
map (2)], which enables actions to be planned (3). Execution of the planned action (4) changes the relationship 
of the individual to the world, which updates sensory information. A brain—machine interface (BMI) was trained 
to decode place cell activity from the hippocampus of rats navigating in virtual reality. The animals were able to 
control their location through the BMI, thus enabling changes to their relationship with the world in the absence 


themself moving in space, or whether they 
were directly representing the location of a 
distinct object by activating recently reported 
hippocampal neurons associated with object 
locations (12) (which would be less akin to 
mental navigation). 

Can animals be trained to perform imag- 
ined navigation—to volitionally activate rep- 
resentations of remote locations—in the real 
world? Previous work suggests that represen- 
tations of space by the activity of hippocam- 
pal neurons are similar in VR and real envi- 
ronments (13), so it is likely that the findings 
of Lai et al. also apply outside of VR; future 
experiments can test this hypothesis. 

The hippocampus is known to exhibit 
bursts of ensemble activity in sequences that 
seem to represent locations away from the 
animal’s current position. These bursts take 
place during sharp wave ripples (SWRs), . 
which occur during periods of rest and sleep, 
and theta sequences, which are synchronized 
by oscillations in activity present during 
ongoing exploration. Both types of burst se- 
quences have been given hypothetical roles 
in mental navigation (/4), but the BMI ap- 


of motor execution. This approach facilitates investigation of the neural circuits underlying mental navigation. proach of Lai et al. presents an opportunity : 
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could be volitionally generated naturally 
(without training) remained uncertain. 

The BMI system developed by Lai et al. 
decodes the activity of sparsely firing hip- 
pocampal place cell ensembles. The authors 
used a task in which rats initially navigate 
through a VR environment to a visually cued 
reward location by running on a spherical 
treadmill. A decoder is trained on the ensem- 
ble neural activity recorded during this initial 
training period. Then, control of the visual 
scene is transferred from the treadmill to the 
signal that is decoded in real time from hip- 
pocampal activity. Unexpectedly, they found 
that under BMI control, the rat continues 
to navigate through the VR environment to 
reward locations. This observation provides 
evidence that the ensemble activity in the 
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level understanding of mental navigation 
has been prevented by an inability to in- 
struct a nonhuman subject to imagine a 
navigational path. 

By directly tying changes in the VR envi- 
ronment to the output of the hippocampus, 
the approach taken by Lai et al. may enable 
the study of mental navigation in animal 
models (see the figure). Indeed, while rats 
primarily ran on the treadmill during BMI 
control, on many trials they successfully navi- 
gated the VR while remaining still. Moreover, 
if the decoded signal was used to move an 
object in a stationary three-dimensional envi- 
ronment, the animals were capable of direct- 
ing this movement with their hippocampal 
activity. Unfortunately, the authors could not 
distinguish between the hypothesis that the 
animals are continuing to mentally navigate 
as if they were the object that was moving, as 
a human might look at a picture and imagine 


to test this directly. They observed periods of 
SWRs and theta oscillations during perfor- 
mance of the BMI task. Strong theta oscilla- 
tions were observed during all trials, when * 
the rat was moving and still. This latter obser- 
vation is consistent with rats mentally mov- 
ing through the environment. Although post 
hoc analyses found equivalent navigation 
ability when SWRs were excluded, the 1.5 to 
5 s decoding windows used in the BMI were 
too long to assess whether theta sequences 
are present or how they might be used by the 
animal to navigate. Developing faster online 
decoding algorithms and/or using higher- *‘ 
density neural recording techniques might : 
address this issue and enable experiments to 
uncover the timescale of the ensemble activ- 
ity that enables mental navigation. 
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Ferid Murad (1936-2023) 


Physician-scientist who discovered NO signaling 


By lraida Sharina and Emil Martin 


erid “Fred” Murad, the pharmacologist 

and physician who made paradigm- 

shifting discoveries about the molecu- 

lar underpinnings of cardiovascular 

physiology, died on 4 September. He 

was 86. Murad’s groundbreaking dis- 
covery of the role of nitric oxide (NO) in cell 
signaling revolutionized the field of gaseous 
second messengers and cyclic nucleotide 
signaling in physiology, and his work pro- 
vided a scientific basis for the development 
of a multitude of new therapies for cardio- 
vascular and other diseases. 

Born on 14 September 1936 in Whiting, 
Indiana, Murad graduated in 1958 from 
DePauw University in Greencastle, Indiana, 
with BS degrees in premedical science and 
chemistry. That same year, he married Carol 
Ann Leopold, with whom he would spend 
the rest of his life. In 1965, he was one of the 
first graduates of the MD-PhD program at 
Case Western Reserve University. Upon com- 
pletion of his residency at Massachusetts 
General Hospital in 1967, Murad took a 
job at the National Institutes of Health. In 
1970, the University of Virginia recruited 
him to develop a new clinical pharmacol- 
ogy division in the Department of Medicine. 
In 1981, Murad became the chief of medi- 
cine at the Palo Alto Veterans Hospital in 
California, while serving as an acting chair 
of internal medicine and pharmacology at 
Stanford University. He later became vice 
president of Abbott Laboratories. After sev- 
eral years, feeling restricted by the indus- 
trial biotech environment, Murad returned 
to academia, joining the University of Texas 
Health Science Center in Houston. In 2010, 
he moved to George Washington University; 
then, in 2016, he came back to Stanford as 
an emeritus professor. 

In 1975, Murad identified soluble guanylyl 
cyclase as a receptor and critical transducer 
of NO signaling in vascular smooth muscle 
cells. He demonstrated that NO activates 
guanylyl cyclase, inducing the production 
of another second messenger, cyclic guano- 
sine monophosphate (cGMP), which in turn 
activates scores of other enzymes, further 
multiplying and propagating the signal. 
He found that nitroglycerin is converted to 
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NO and, in turn, relaxes the smooth muscle 
cells that surround blood vessels. The in- 
crease in relaxation causes the vessels to 
widen, which facilitates blood flow. Murad 
found that several other commonly used va- 
sodilators also serve as a source of NO. This 
discovery solved the mystery of how ni- 
troglycerin relieves the symptoms of heart 
conditions, including angina and coronary 
artery disease. The work carried out in his 
laboratory established NO-cGMP signaling 
as a ubiquitous pathway in physiology that 
affects every organ system. 


The idea that NO, a free radical with a 
short life span, could act as a ubiquitous 
second messenger in a highly reactive tis- 
sue environment was originally received 
with skepticism by the scientific commu- 
nity. Murad often recalled that in the 1970s 
his talks at conferences were regularly 
scheduled as the last presentation on the 
final day, when most attendees had already 
departed, and were often met with open 
laughter from the audience. It is thanks to 
his unwavering confidence, often bordering 
on stubbornness, and his unstoppable de- 
votion to his ideas that, by the end of the 
1980s, the function of NO as a signaling fac- 
tor in the cardiovascular system, much like 
known hormones or neurotransmitters, was 
widely accepted. 

Murad’s_ relentless scientific pursuits 
earned him a share of the 1998 Nobel 
Prize in Physiology or Medicine. His 
other awards included the Albert Lasker 
Basic Medical Research Award in 1996, 


the Golden Plate Award of the Amer 


¢ 


Chec 
upd 


Academy of Achievement in 1999, the Civa 
Award for Hypertension Research of the 
American Heart Association in 1988, and 
the Baxter Award of the Association of 
American Medical Colleges in 2000. He was 
also an active member of various scientific 
academies. 

We both joined Fred’s laboratory in the 
late 1990s as postdoctoral fellows and were 
immediately swept into the whirlwind of 
his scientific ideas and boundless curios- 
ity. He loved to puzzle his trainees with 
questions related to NO biology, challeng- 
ing them to prove or disprove points with 
the available research. He collected the 
best minds from around the world, from 
countless conferences and even golf games, 
and added them to his big, multinational 
laboratory. Different cultures and diverse 
schools of thought intrigued him, and he 
fostered a supportive training environment. 
He loved to share his ideas with anyone 
willing to listen, and he took a personal in- 
terest in his students and colleagues. Fred 
will be remembered for his incredible con- 
tributions to medicine and science, but his 
ultimate scientific legacy is the hundreds of 
prominent researchers, honored to call him 
a mentor, who continue his scientific pur- 
suits throughout the world. 

Fred had an amazing, sometimes con- 
troversial, but always larger-than-life per- 
sonality. He told remarkable stories, which 
ranged from a secret meeting with Yasser 
Arafat to a failed attempt to raise cows for 
food. To emphasize the importance of hard 
work and determination, he often recalled 
how he and Carol took extra jobs to earn 
the money they needed during his time in 
graduate school. He spoke of his indepen- 
dence, industrious spirit, and willingness to 
work with pride and humor. 

Fred loved and cherished both his work 
and his family, and he would never agree 
to sacrifice one in favor of the other. When 
asked what he was going to do in retire- 


ment, Fred would always insist that he was . 


planning to die at the lab, and we believed 
him. He felt that life, no matter how hard, 
is an adventure to be celebrated and en- 
joyed and that people are fundamentally 
good. His confidence and optimism were 
contagious. Fred was an extraordinary phy- 
sician, scientist, and educator. His pioneer- 
ing research continues to influence today’s 
development of cutting-edge treatments 
for hypertension, heart and lung condi- 
tions, cancer, shock, and other diseases. 
With his death, the world lost a great, ever- 
inquisitive mind and a fearless advocate of 
the scientific approach to medicine. ® 
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New benefit-sharing principles for 
digital sequence information 


Benefit sharing should be decoupled from access 


By Michael Halewood?, Margo A. Bagley’, 
Markus Wyss?, Amber Hartman Scholz* 


ince 1992, international laws govern- 

ing access and benefit sharing (ABS) 

have confirmed the principle that 

countries have sovereign rights over 

their nonhuman biological diversity 

and can regulate access to their ge- 
netic resources. These laws require the fair 
and equitable sharing of monetary (e.g., 
royalties) and nonmonetary (e.g., scientific 
training) benefits resulting from physical 
access to and utilization of those genetic 
resources (GRs). The Kunming-Montreal 
Global Biodiversity Framework, adopted by 
the Conference of the Parties to the Conven- 
tion on Biological Diversity (CBD) at their 
15th meeting (COP-15) in December 2022 (7), 
includes a decision to establish a separate, 
multilateral benefit-sharing mechanism for 
the use of “digital sequence information” 
(DSD, i-e., biological data associated with, or 
derived from, genetic resources such as nu- 
cleotide sequences and epigenetic, protein, 
and metabolite data. The international com- 
munity has a narrow window of opportunity 
to develop a DSI benefit-sharing framework 
that is simple, harmonized, effective, and 
transformational. 

For now, the COP-15 decision is an empty 
shell, with no agreement on how benefits 
will be shared, by whom, for what, and un- 
der what conditions. These issues will be 
addressed over the next few years. In paral- 
lel, other UN fora, the Food and Agriculture 
Organization, the World Health Organization 
(WHO), and the Convention on the Law of 
the Seas are also grappling with how to ad- 
dress benefit sharing from the use of DSI. 


HOW ABS CURRENTLY WORKS 

The concept that benefits from the utiliza- 
tion of GRs should be equitably shared is by 
now well established, and one of the primary 
objectives of several international agree- 
ments over the past 30 years, including the 
CBD (1992), its Nagoya Protocol (NP, 2010), 
the International Treaty on Plant Genetic 
Resources for Food and Agriculture (Plant 
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Treaty, 2001), and the Pandemic Influenza 
Preparedness (PIP, 2011) Framework. Nota- 
bly, the CBD and NP do not require countries 
to make ABS laws, meaning that each coun- 
try can decide whether to regulate access to 
its GRs or not. 

The CBD and its NP embrace a “bilateral” 
approach to ABS, in which a user and a 
provider conclude an individualized agree- 
ment that must be approved by a national 
authority. Each country creates its own ABS 
system and can choose, inter alia, what 
type of biodiversity is regulated, what ben- 
efits must be shared, and how permits are 
granted. Provider countries must process 
each inquiry from users, often with very lim- 
ited capacity and resources. This high level 
of complexity and granularity is challenging 
and time-consuming for all, leading in some 
cases to users (i) pivoting away from planned 
research (with societal losses in innovation) 
or (ii) identifying nonregulated (but still 
legal) sources of the desired GRs (with lost 
opportunities for benefit sharing). In the lat- 
ter case, users may still have a compliance 
burden to prove that their access to GRs was 
without ABS obligations. 

To address some of these challenges, 
the Plant Treaty developed a multilateral 
ABS system to virtually pool the genetic 
resources of 64 crops and forages used in 
food and agriculture, and to facilitate ac- 
cess for users in each other’s jurisdictions. 
Commercial users must make royalty pay- 
ments to an international benefit-sharing 
fund, from sales of new products derived 
from accessed genetic resources, but only 
when those products are not made available 
for further research and breeding. To date, 
few commercial users have triggered this 
benefit-sharing obligation and made royalty 
payments. Contracting parties and others 
have voluntarily contributed $30 million. 

In response to sovereignty claims over in- 
fluenza samples, the PIP Framework facili- 
tates access to genetic resources in the WHO 
Global Influenza Surveillance and Response 
System (GISRS) by a multilateral system in 
which vaccine manufacturers receive ac- 
cess to GISRS samples and, in turn, make 


annual (voluntary) monetary contribut cree 
and provide low-cost seasonal influenza ‘vac-— 
cines. As coronaviruses were not covered, the 
PIP Framework was not tested during the 
COVID-19 pandemic. The WHO Pandemic 
Preparedness CA+ negotiation process will 
attempt to broaden pathogen coverage by 
spring 2024. 

In June 2023, Parties agreed to a new 
multilateral instrument, the UN High 
Seas Treaty, also known as the Biodiversity 
Beyond National Jurisdiction (BBNJ) Treaty, 
under which genetic resources from inter- 
national waters and DSI derived therefrom 
will be regulated under a to-be-developed 
benefit-sharing mechanism. These systems 
reflect the conviction that, to be “fair and 
equitable,” benefits must be shared by enti- 
ties that have physically accessed, and di- 
rectly used, GRs in the course of research , 
and development (R&D). We postulate that 
coupling of access and benefit sharing is one 
of the main reasons why ABS approaches are 
largely ineffective, and that a new system for 
DSI should largely if not entirely decouple 
benefit sharing from access. Although the 
COP-15 decision is focused on DSI, and the 
NP will continue to apply to GRs, we believe 
that parties should be allowed to subject GRs 
to the same harmonized, multilateral condi- 
tions in the future. 


NEW DESIGN PRINCIPLES 

The principle of benefit sharing has helped 
to facilitate political compromise (2), raise 
awareness of the rights of countries and In- 
digenous peoples and local communities 
(IPLCs), and encourage public research or- 
ganizations and companies to engage in re- 
sponsible sourcing of genetic resources. Yet, 
despite decades of efforts to implement these 
agreements, they have not resulted in satis- 
factory monetary benefit sharing to support 
biodiversity conservation or other priorities. 
The CBD and NP have also not substantially 
increased access to GRs, if at all (3, 4); the 
Plant Treaty (5) and the PIP Framework have 
charted some success. 

A fundamental disconnect exists between 
the laudable policy vision of benefit sharing 
and its implementation. Here we summarize 
key problems with existing ABS systems and 
provide recommendations for the new mech- 
anism for DSI. 


Problem 1: High transaction costs and low 
levels of legal certainty 

To implement the CBD or NP, many countries 
have embraced highly granular, individual- 
transaction-based approaches to ABS. This 
requires complex systems to, for example, 
evaluate access applications, track and trace 
uses of accessed materials in R&D and com- 
mercialization of derived products, and cre- 
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ate formulas for calculating payments for 
products derived from multiple GRs. This 
complexity imposes unsustainable demands 
and transaction costs on users, providers, 
and public authorities. It also frequently re- 
sults in a lack of implementation, legal uncer- 
tainty, avoidance, and lost opportunities for 
benefit sharing. 

Even under the Plant Treaty’s multilateral 
ABS system, the monetary benefit-sharing 
formula requires tracking and tracing the 
use of accessed genetic materials from R&D 
to commercialization of individual products. 
High transaction costs, to prove or disprove 
when payments are due, have driven away 
commercial users who can (legally) avoid 
using the multilateral system (6). Under the 
nominally standardized PIP Framework, 
conclusion of a Standard Material Transfer 
Agreement typically involves lengthy nego- 
tiations that are incompatible with modern, 
fast-paced R&D. The nature of DSI makes it 
particularly unsuited to the kinds of controls 
upon which individual-transaction-based 
ABS regulations depend. 


Recommendation 1: Radical simplification 
Benefit-sharing obligations should be cal- 
culated at an aggregate level rather than 
triggered by access to DSI or use of DSI in 
product development. During negotiations 
leading up to COP-15, the African regional 
group’s proposal of a 1% levy on retail sales 
of biodiversity-based products reflected such 
an aggregate approach. A similar but simpler 
approach would be to base payment obliga- 
tions on national gross domestic product or 
another appropriate UN statistic (7). Coun- 
tries that fall below an established threshold 
could be exempted. 

In this simplified system, governments 
would assume an intermediary role, making 
initial payments to the global benefit-sharing 
fund. They would then collect from their do- 
mestic economy on the basis of nationally 
defined criteria (8) without regulating access 
to datasets, tracking use, or adjudicating on 
the contribution of accessed DSI on a prod- 
uct-by-product basis. This would allow DSI 
users whose data are governed by multiple 
UN fora to cover payment obligations all at 
once. We recommend that payment obliga- 
tions are standardized at the international 
level, on the basis of commercial activity in 
a given country. 

The design principles should be simplicity, 
legal certainty, predictability, and efficiency. 
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The goals should be to increase benefit shar- 
ing and better support conservation and sus- 
tainable use of biodiversity. This will require 
straightforward definitions of who will be 
obliged to contribute to the fund. It will also 
solve a perpetual problem in enforcement of 
the NP—that authorities do not know who in- 
dividual users are (or should be). 

There is precedent for such an approach. 
The “interim” BBNJ benefit-sharing arrange- 
ment requires parties to make direct pay- 
ments to an international benefit-sharing 
fund. Under the Plant Treaty, negotiators are 
considering a subscription system with pay- 
ments based on sales of subscribers’ entire 
portfolio of crops, regardless of whether they 
are derived from accessed materials (and pos- 


“.-DSI benefit-sharing... 
must be all-encompassing, 
unavoidable, and...simplified.” 


sibly DSI). Although this would lower trans- 
action costs for each subscriber, the problem 
of potential avoidance by entities that choose 
not to subscribe remains. Avoidance within 
parties is not possible under our proposal. 
However, all benefit-sharing options under 
consideration would suffer if major user 
countries do not participate, likely leading 
to strict national ABS legislation on DSI and 
decreased willingness of parties to make DSI 
open access. 

Many parties are hesitant to commit to up- 
front payments, or to impose generalized ben- 
efit-sharing obligations. They prefer ABS sys- 
tems in which users make payments on their 
own, after entering into ABS agreements. But 
30 years have proven that such ABS systems 
are fundamentally flawed. Some might object 
that DSI users in nonparties would not enjoy 
the same protection as users in contracting 
parties against potential ethical or legal chal- 
lenges while using DSI in open access infra- 
structures. A remedial option would be to al- 
low such entities to make payments based on 
a simple formula, thereby “purchasing” the 
ability to demonstrate compliance with inter- 
nationally agreed benefit sharing. A similar 
approach could be taken for multinational 
companies that have branches located in 
both parties and nonparties. Over time, we 
hope the new system will have near-universal 
membership, reducing the number of entities 
subject to such measures. 

As part of this approach, rules for access 
to DSI need to be simple. It will be impor- 
tant to confirm what DSI is available for 
use, without restrictions and with full legal 
certainty, by users in participating coun- 
tries. Presumably, that should include DSI 


that is (i) currently available through open 
access infrastructures and (ii) generated in 
the future using public funds (with possible 
exemptions for, e.g., privacy or IPLC rights). 
This is already happening; most public fund- 
ing agencies require publication of research 
data in open access repositories. The CBD 
DSI decision and BBNJ treaty acknowledge 
the importance of open access and global 
databases. Furthermore, contracting parties 
could create incentives for actors generating 
DSI with private funds to deposit DSI in open 
access databases. 


Problem 2: Benefit-sharing base is too nar- 
rowly defined and avoidance too easy 

Current ABS systems have left many GRs 
and types of use “out of scope” for historical 
and legal reasons, for example, GRs in most 
developed countries, which have generated 
over half of the DSI in public databases (9). 
The increasing complexity of ABS systems in- 
centivizes many users to access GRs through 
“free,” nonregulated sources. A DSI system 
that bases payments on geographical origin 
or a specific data type will drive users to seek 
other resources. Narrow scope also limits 
nonmonetary benefit sharing to what single 
users of GRs can provide in return for access. 
This piecemeal approach fails to provide 
the scale of capacity strengthening needed 
to conserve biodiversity and sustainably use 
GRs and DSI. 

A related problem is that current benefit- 
sharing models impose payment obligations 
only on those engaged in a particular kind 
of utilization, i.e., performing commercial 
R&D. They miss out on benefit sharing from 
a broad range of downstream industries that 
generate revenue by using technologies de- 
veloped upstream. Under the Plant Treaty, 
for example, seed companies are required to 
make payments, but not international grain 
merchants or food companies. In pharma- 
ceutical development, brand-name manufac- 
turers may need ABS permits, but generics 
manufacturers that copy the drug may not. 
Tragically, during the COVID-19 pandemic, 
the PIP Framework could not support equita- 
ble access to vaccines owing to narrow scope. 


Recommendation 2: Broaden the base for 
benefit-sharing contributions 

Whereas under the NP, each country is free 
to establish (or not) ABS obligations for ac- 
cess to its GRs, the DSI COP-15 decision 
should result in benefit-sharing obligations 
for all CBD parties while offering legal open 
access to DSI in public databases. The scope 
for DSI benefit-sharing obligations must be 
all-encompassing, unavoidable, and radically 
simplified. A universal scope that covers all 
types of biological data and all uses of—and 
impacts on—biological diversity in all coun- 
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tries is easier to understand for providers and 
users. A broad scope requires an aggregate 
approach because of the size and complexity 
of DSI datasets. 

Some providers may hope to redress mis- 
appropriation of biodiversity by designing a 
DSI benefit-sharing system that will ensure 
direct return of benefits to their communi- 
ties. However, globalization and the omics 
revolution render national borders increas- 
ingly porous in relation to biodiversity and 
DSI. With proliferating alternative sources 
of supply, it is becoming harder, not easier, 
for countries to control access to genetic 
material and DSI, and it would continue to 
be easier for users to avoid transactionally 
based benefit-sharing obligations by ac- 
cessing DSI through unregulated sources. 
We thus advocate directly addressing legal 
avoidance by building systems that are not 
coupled to physical or historical access. 
This will ensure that benefits are shared 
from these globalized and historically ac- 
cessed GRs, albeit in the form of payments 
to a global fund. DSI utilization must be de- 
fined broadly and simply to cover all DSI. 
Benefit-sharing rules should be harmonized 
in all countries participating in the multi- 
lateral mechanism, so that payment cannot 
be avoided. 

Finally, there is no “polluter pays” prin- 
ciple in the CBD. Our proposal creates space 
to include industries and sectors whose nega- 
tive externalities contribute to the erosion of 
biological diversity. 


Problem 3: No guarantee of benefits leads to 
mistrust and restrictions 

Dissatisfaction with monetary benefit shar- 
ing has perpetuated distrust from many 
countries that consider themselves to 
be access providers, leading some coun- 
tries to further restrict access to GRs (J0). 
Many countries, betting on their endemic 
biodiversity to bring users to the negotiat- 
ing table, remain reluctant to give up on 
their bilateral ABS controls and embrace 
multilateral benefit sharing when there is 
no guarantee of monetary benefits being 
shared directly with them. 

Even the Plant Treaty’s multilateral ABS 
system is not designed to fully address this. 
Monies are distributed from the Treaty’s in- 
ternational benefit-sharing fund through a 
system of open, competitive bids. Some coun- 
tries have made repeated bids without ever 
being selected, leading to their reluctance to 
make materials available. 


Recommendation 3: Guarantee benefit 
sharing 

The new multilateral benefit-sharing mecha- 
nism for DSI needs to guarantee minimum 
benefits for target beneficiaries. Monies 
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could be allocated to project-based “streams” 
to achieve policy priorities, for example, to 
support conservation in countries with high 
levels of biological diversity; to support IPLCs 
as primary custodians of biodiversity; to in- 
crease capacity in low- and middle-income 
countries (LMICs) to better use DSI; to rec- 
ognize countries proactively giving access 
to GRs used to produce DSI (7); or to har- 
monize DSI approaches (across, e.g., BBNJ, 
WHO, Plant Treaty, CBD). There should be a 
guarantee that all LMICs will periodically re- 
ceive support through one or more streams. 


Problem 4: The growing complexity of life 
sciences research 

The traditional narrative of ABS envisions 
a rare plant harnessed to develop a block- 
buster drug, under a single benefit-sharing 
agreement between the providing country 
and a biotech company. Yet in the mod- 
ern, integrative, systems-based process of 
biological research and innovation (12), 
the chances of a product being based on a 
single GR, let alone a single piece of DSI, 
are rare. Life scientists use hundreds of mil- 
lions of sequence, protein, small-molecule, 
structural, and pathway data points to de- 
cide what hypotheses to pursue. They build 
consensus sequences based on thousands 
of DSI entries and adapt them synthetically 
to optimize expression or folding. Any ap- 
proach that requires benefit sharing back 
to the providers of the relatively narrow 
range of genetic resources that are identi- 
fied and used at the final stages of product 
development inequitably ignores valuable 
contributions of all the genetic diversity, 
sourced from around the world, used in the 
upstream stages of R&D. 

Artificial intelligence (AD) is revolution- 
izing biology. The output of AI is based on 
multiple streams of biological data, none of 
which belongs to a single country or UN fo- 
rum, making attribution of DSI-based com- 
mercial outcomes to individual countries 
inconceivable. AI portends a future in which 
GR-based DSI itself may no longer be needed 
for product development. Thus, benefit shar- 
ing tied to access would no longer occur to 
any meaningful extent (73). These integrative 
analyses and outcomes are unlikely to pro- 
duce meaningful benefit sharing unless we 
build a radically different framework. 


Recommendation 4: Embrace aggregate-level 
benefit sharing 

The COP-15 decision recognized that for 
DSI a_ transaction-based-benefit-sharing 
mechanism is not realistic. A new DSI ben- 
efit-sharing mechanism should reflect the 
value of open access to biomolecular data 
from around the world. Benefit-sharing rules 
should be the same for all biological data 


and harmonized across UN fora. This will 
be essential to maximize user compliance, 
eliminate avoidance, increase the sharing 
of benefits, and minimize transaction costs. 
Scientific transparency and integrity should 
continue to improve and make provenance 
information and data contributions clear. 
Data labels for IPLCs and metrics that show 
providers where data derived from their GRs 
has landed in public datasets will build trust 
and improve metadata. 


SEIZE THE MOMENT 

The recommendations above would rep- 
resent major changes in established nego- 
tiating positions. They require relaxation 
of control over GRs and DSI on one hand, 
and a major expansion of scope and fi- 
nancial commitment on the other. Hard 
choices need to be made between simplicity , 
and complexity, and national governments 
being passive, or proactively fulfilling their 
required role to make a global benefit-shar- 
ing system truly effective. 

Countries should also be given the oppor- 
tunity to voluntarily include GRs in the scope 
of the new multilateral mechanism. This ‘ 
would contribute to the harmonization and 
simplification of ABS that are crucial to mak- 
ing it truly effective and impactful. In effect, a 
policy experiment will be conducted in which * 
the new DSI benefit-sharing mechanism runs 
in parallel with the bilateral approach for 
GRs under the CBD and NP. Countries can 
observe, measure, and determine which sys- 
tem generates more benefits and conserves 
more biodiversity and, over time, set new 
priorities. Through these large-scale compro- 
mises, benefit sharing can make a meaning- 
ful contribution to the conservation and sus- 
tainable use of biodiversity. 
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Human values in a digital age 


Big Tech must center human rights in data decisions, 


argues a political scientist 


By Nita Farahany 


endy Wong’s We, the Data: Hu- 

man Rights in the Digital Age is a 

timely and engaging exploration 

of the human rights implications 

of “datafication’—the recording, 
analyzing, and indefinite  stor- 

ing of data about individuals. Wong aligns 
with Shoshana Zuboff’s stance in The Age 
of Surveillance Capitalism, addressing the 
consequences of exploiting human experi- 
ence as data used to predict and modify hu- 
man behavior for profit. Like Zuboff, Wong 
understands that this process deeply affects 
human experience and touches on vital hu- 
man rights, including autonomy, dignity, and 
privacy. But We, the Data presents a refresh- 
ing and nuanced view of data and a recenter- 
ing on the basis and motivation for human 
rights—autonomy, dignity, equality, and com- 
munity—as the framework for how to apply 
existing human rights to the information age. 
Wong challenges the perception of data 
as mere raw material, suggesting that data 
are more multifaceted and collective than 
Zuboff proposed. Instead of agreeing that 
individuals are relegated to being data sub- 
jects in this process, she emphasizes their 
role as data cocreators. This perspective 
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shift forces us to reconsider our approach 
to the ubiquity of data. 

Each of the book’s eight chapters has a 
dual aim: to illustrate the transformation of 
the human experience in the era of pervasive 
data and to emphasize where autonomy, dig- 
nity, equality, and community can be influen- 
tial in shaping discourse and policies on data 
governance. Tackling topics such as the right 
to be forgotten, facial recognition technology, 
digital immortality, and data lit- 
eracy, Wong maintains a narrative 
thread using hypothetical scenar- 
ios, real-world examples, and per- 
sonal anecdotes. Her insights are 
bolstered by richly detailed refer- 
ences to key arguments and think- 
ers from disciplines from diverse 
fields, including law, sociology, 


¢ 


Autonomy, dignity, equality, and community shou upd 


be prioritized in technology design. 


ways. With this framing, she convincingly ar- 
gues that we should hold these corporations 
accountable to the ethos and full spectrum 
of human rights, not just to singular issues 
such as freedom of expression or privacy, 
and advocates for more transparency, par- 
ticipation, and oversight in their decision- 
making processes. She also offers practical 
suggestions and examples of how we can and 
should challenge the status quo, contrasting 
reactive measures like the Ranking Digital 
Rights project against proactive civil society 
measures that could enable us to reframe 
conversations about technology from a nar- 
row focus on privacy and surveillance to the 
broader set of human rights values. As Wong 
puts it, “Our very humanity is at stake here”, 

The book culminates in a call to action fo- 
cused on recognizing a human right to data 
literacy, which Wong defines as the ability to 
understand, interpret, and use data in a data- 
fied world. Data literacy, she claims, is imper- 
ative to flourishing in the digital era and will 
empower us to demand more and better from 
companies and governments that make, dis- 
seminate, and monetize data about people. It 
will enable us to cocreate data and shape the 
data process in ways that reflect and protect 
our human rights values. 

For readers who were expecting more- 
radical or comprehensive solutions, this may 
seem a surprising and perhaps disappoint- 
ing note to end on. Wong herself acknowl- 
edges that data literacy is not a panacea and 
that it faces many obstacles and limitations, 
such as unequal access, biased 
algorithms, and entrenched in- 
terests. Economic, cultural, and 
social rights also suffer from en- 
forceability challenges and lack 
the same international support 
as the political and civil rights 
in the United Nations’ Universal 
Declaration of Human Rights. 


philosophy, and computer science. We, the Data: But perhaps Wong’s restraint . 
: ease Human Rights in the ‘ : 
A pivotal chapter, “Big Tech Digital Age is her wisdom. In the end, she 


and Us,’ dissects the responsi- 
bilities of Big Tech conglomerates 
such as Meta (formerly Facebook), 
Google, and Amazon. Here, Wong rebuffs the 
conventional view that these companies are 
merely private actors that provide content 
and access to the internet, arguing instead 
that “Big Tech governs” and exercises author- 
ity and influence over social and political life 
through its platforms and policies. 

Drawing from political science orthodoxy, 
deliberative democracy theory, and the con- 
cept of infrastructure, Wong shows how Big 
Tech platforms affect our rights, interests, 
and values in multiple and often hidden 
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has proposed a workable mecha- 
nism by which we can become in- 
formed enough to reset the terms 
by which data will animate our lives. Human 
rights are not static or fixed, but rather dy- 
namic and evolving, and they depend on our 
collective action and imagination to make 
them meaningful and effective. Her proposal, 
then, is a welcome invitation for each of us to 
reclaim our agency and become full partici- 
pants in conversations and decisions about 
how to apply human rights and human val- 
ues to our data reality. @ 
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HUMAN HEALTH 


Rethinking reproductive harm 


Fears about threats to fetal health have long fallen 
disproportionately on expectant mothers 


By Tara Mulder 


plastic fetus floats in a water-filled jar. 
A doll head sporting a lit cigarette be- 
tween puckered lips sits on top. As the 
doll “smokes,” tar and nicotine tinge 
the water dingy brown. Throughout 
the 20th century, this educational doll 
dubbed “Smokey Sue Smokes for Two” was 
used to demonstrate the dangers of smok- 
ing while pregnant. A millennium earlier, a 
Persian physician painted a similarly chill- 
ing picture of the dangers of toxic menstrual 
blood. Infants who retained this poisonous 
substance after birth would 
develop smallpox, he warned. 
Today, scientific studies have 
shown that cigarette smoke 
harms fetuses and disproven 
any connection between men- 
strual blood and smallpox, but 
the same unspoken assump- 
tion is nonetheless present 
in both cases: The womb is a 
dangerous place for the devel- 
oping fetus. The premise of 
each of these warnings, argues 
Kathleen Crowther, is that “the 
major threats to the health 
and well-being of fetuses come 
from their own mothers.” 

In her new book, Policing 
Pregnant Bodies: From Ancient 
Greece to Post-Roe America, 
Crowther explains that “al- 
though our current biomedical 
understanding of pregnancy 
and fetal development is rela- 
tively new...many of our most 
cherished ideas about repro- 
duction trace their origins back thousands 
of years.” Crowther believes that we must 
examine the long history of ideas about preg- 
nant people, fetuses, pregnancy, and abortion 
to understand where we are now. She does 
not trace a direct line of influence from the 
ancient world to today—an impossible task— 
but she effectively shows how the same mis- 
ogynistic ideas crop up repeatedly through- 
out history, pitting pregnant people against 
fetuses in a dangerous zero-sum game. 


ee 
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The way that we have studied fetal de- 
velopment has long had the effect of separ- 
ating fetuses from the people within whom 
they grow. Crowther introduces readers to 
ancient Greek doctors examining miscar- 
ried embryos and trying to pin down when 
we become human; to the macabre collec- 
tion of 17th- and 18th-century anatomist 
Frederik Ruysch, who kept hundreds of pre- 
served fetuses in glass jars; and to Lennart 
Nilsson, who photographed detached, 
dead fetuses for his 1965 book, A Child is 
Born. Focusing on fetal anatomy and de- 
velopment, she argues, obscures the fetus’s 


Our preoccupation with fetal heartbeat detection has roots in ancient ideas that 
centered the heart as a key feature of humanity, maintains a historian. 


“connection to and impact on the maternal 
body” with “disastrous implications for the 
health of both mothers and babies.” 

Since the overturning of Roe v. Wade, a 
number of US states have passed heartbeat 
bills, outlawing abortion from the first de- 
tection of cardiac activity. Pro-life activists 
present the fetal “heartbeat”—really an elec- 
trical artifact translated into sound by an 
ultrasound machine—as the “voice” of the 
fetus. But why this focus on the heartbeat at 
the expense of other markers of life, such as 
brain activity or breath? That is a question, 
Crowther argues, that must be answered by 
history, not science. 


Policing Pregnant Bodies: 
From Ancient Greece to 
Post-Roe America 
Kathleen M. Crowther 
Johns Hopkins University 
Press, 2023. 288 pp. 


For thousands of years, religious, philo- 
sophical, and medical doctrine promoted the 
idea that the heart is what makes us human. 
Ancient Greek physicians and philosophers, 
for example, connected the heart with the 
soul. Starting in the 20th century, Crowther 
writes, obstetricians strapped electronic fetal 
monitors to laboring women to “communi- 
cate with the fetus in a way that the mother 
could not.” And in 2011, a pro-life activist 
group arranged for two fetuses to “testify” 
before Ohio lawmakers: Pregnant women 
were placed out of view, while live ultra- 
sound images of their 9- and 15-week-old 
fetuses were projected onto a 
screen, and the fetal “heart- 
beats” were amplified over the 
chamber speakers. (Ironically, 
signals from the 9-week-old 
fetus could not be heard over 
sounds coming from its moth- 
er’s body.) 

In Policing Pregnant 
Bodies, Crowther combines 
three decades of experience 
as a medical historian with a 
rare ability to communicate 
clearly and engagingly with 
a general audience. She also 
brings her personal experi- 
ence of living in Oklahoma— 
“one of the reddest states in 
the country’—to bear. In 2021, 
Oklahoma passed House Bill 
2441, banning abortion after 
6 weeks of pregnancy. When 
women in the state miscarry 
and seek medical attention, 
they can be arrested for man- 
slaughter. But Oklahoma also 
has some of the worst infant and maternal 
mortality rates in the country. Fifty-four of 
its 77 counties contain food deserts. Active 
fracking sites in the state pollute the water 
supply, substantially increasing the risk 
of miscarriage. Policies such as House Bill 
2441, Crowther writes, “treat pregnant 
people themselves as the greatest threat to 
fetal life” while doing nothing to address 
factors that play a far greater role in in- 
fant and maternal mortality, including lack 
of access to healthy food, clean water, safe 
housing, and medical care. & 
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Chemical simplification 
and tracking in plastics 


The zero draft of the Global Plastics Treaty 
(1) affirms that the presence of hazard- 
ous chemicals poses a substantial barrier 
to the safe and environmentally sound 
management of plastics. Additives, nonin- 
tentionally added substances (NIASes), and 
contaminants in plastics complicate their 
reuse and disposal (2) and hinder plastic 
recycling (3), which has been touted as a 
key solution to the plastics pollution crisis 
(4). Studies show evidence of accumulation 
of hazardous substances even in relatively 
close-loop plastic recycling systems, such 
as those for food-grade polyethylene tere- 
phthalate (5), but recyclers lack the tools 
and information needed to identify these 
chemicals in waste streams, or to isolate 
and remove them from plastic products. 

Hazardous chemicals present risks to 
recycling workers and consumers, as well 
as to the wider society and environment 
(6). However, current regulations do not 
require plastics producers to track or make 
available information on the levels of 
harmful chemicals (2). Because upstream 
producers lack the incentives to disclose 
this information, recyclers are unable to 
control hazardous substances. 

Before recycling can contribute to tack- 
ling the plastics pollution crisis, the plastics 
industry must limit hazardous chemicals. 
International regulations and innovations 
can drive “chemical simplification’—i.e., 
the reduction of the extensive number of 
chemicals used in plastics production (7). 
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Chemical additives known to cause harm to 
human health and the environment must 
be rapidly phased out, and NIASes must 

be identified and limited. To ensure these 
changes, plastics producers should transpar- 
ently report chemicals production and use, 
which should be tracked and monitored 
throughout the plastics life cycle. Finally, 
strict regulations specifying where recycled 
plastics can be used should be implemented 
to prevent harmful chemicals in, for exam- 
ple, toys and food packaging. Including obli- 
gations to increase the safety, transparency, 
and traceability of the components in plas- 
tics in the plastics treaty represents one of 
many necessary steps toward safer recycling. 
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NEXTGEN VOICES: 
CHANGING EXPECTATIONS 


Add your voice to Science! Our new NextGen 
Voices survey is now open: In this week's 
Working Life, “Putting down roots” (https:// 
scim.ag/WL_locationmatters), S. Hejmadi 
questions the expectation that scientists 
should switch institutions between a PhD and 
postdoc. What traditional career expectation 
in your field seems outdated or exclusionary? 
How should that expectation be adjusted to 
make your field more nimble or welcoming? 


To submit, go to 
www.science.org/nextgen-voices 


Deadline for submissions is 17 November. 
Aselection of the best responses will be 
published in an upcoming issue of Science. 
Submissions should be no more than 150 
words. Anonymous submissions will not 
be considered. 
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Plastics treaty text must 
center ecosystems 


Plastics pollution is now ubiquitous (J, 2) 
and affects the environment at all stages of 
the plastics life cycle. Plastics manufactur- 
ing involves thousands of chemicals that 
can pollute ecosystems. Once in the envi- 
ronment, plastic litter can entangle and 
choke wildlife, and plastic objects can act 
as a reservoir for invasive species and con- 
centrate other pollutants (/, 3, 4). Plastics 
can then break down into potentially toxic 
micro- and nanoplastics. Negotiations 
for the plastics treaty (the legally binding 
instrument on plastic pollution, including 
in the marine environment) (5, 6) must 
ensure that its text centers the effects of 
plastics on ecosystems, as services that eco- 
systems provide are essential for biodiver- 
sity and human health and well-being. 
Plastic does not occur in isolation. 
Terms in the treaty’s current draft such as 
“hotspot,” “accumulation zone,” “cleanup,” 
and “sectors” focus on the distribution and 
concentration of pollutants rather than 
the natural systems these pollutants affect. 
Ignoring impacted ecosystems implies that 
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mitigating plastics pollution can take place 
without ecological restoration. 

The current terms should be replaced by 
language that centers ecosystems, such as 
“habitats polluted by plastic products” or 
“ecosystems affected by plastic-associated 
pollution.” This phrasing makes the treaty’s 
key goals clear and tangible: Ecosystems 
and biodiversity must be conserved and 
protected from pollutants at all stages of 
the plastics life cycle. This language also 
acknowledges that each affected ecosystems 
will require an individualized approach to 
restoration, depending on where the pollu- 
tion is generated, the drivers of the pollu- 
tion, and the impacts to local habitats and 
biodiversity. Prioritizing increased ecosystem 
stability, protection, and restoration will be 
more effective long term than limited, and 
possibly dangerous (7), stopgaps. 

To reduce plastics’ impact on the environ- 
ment, the underlying drivers of ecosystem 
degradation through the plastics life cycle 
must be addressed (8). Such drivers include 
large-scale production and consumption pat- 
terns, facilitated by fossil fuel subsidies (9), 
a lack of reuse and safe recycling options, 
and destructive disposal practices. Through 
an effective, legally binding agreement, the 
plastics treaty can help to implement the 
commitments of the Kunming-Montreal 
Global Biodiversity Framework (particu- 
larly targets 6, 7, 14, 16) and the Sustainable 
Development Goals (particularly goals 12, 14, 
15). The plastics treaty should include obli- 
gations to decrease global plastics produc- 
tion, eliminate hazardous substances, and 
develop safe and sustainable plastic con- 
sumption (JO). It should also include a time- 
line and roadmap for making the required 
changes. Resources should be allocated 
to each aspect of this transformation and 
adhere to the principle of zero waste hierar- 
chy (12), which prioritizes pollution preven- 
tion over waste management measures. 
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Finance plastics reuse, 
redesign, and reduction 


Negotiations on a new international 
agreement to end plastic pollution are in 
progress, with the next committee meet- 
ing expected to focus on the list of control 
measures proposed in the initial “zero” 
draft (7). The document rightly urges 
nations to channel financial resources 
toward environmentally sustainable proj- 
ects. However, this treaty draft dispropor- 
tionately emphasizes waste management 
investment and neglects opportunities for 
reduction, redesign, and reuse. 
Supporting improved recycling is a posi- 
tive but insufficient step to address plastic 
pollution, given that only about 10% of 
plastics are recycled (2). The majority of 
plastic waste is deposited in landfills (50%) 
or incinerated (20%), with the remainder 
disposed of in uncontrolled ways or leaking 
to the environment (2). Beyond recycling, 
essential strategies include reducing aggre- 
gate plastics production and consumption 
and transitioning to reuse systems (3). 
Achieving these goals will require tackling 


the fossil fuel-entwined political economy of 
plastics, which currently incentivizes invest- 

ments that secure the future growth of plas- 

tic production and consumption (4). 

Only 4% of investment capital for circu- 
larity is directed to reuse solutions, whereas 
recovery and recycling receive 88%, with 
major industry players investing heavily, 
especially in chemical recycling (5). This 
imbalance threatens to escalate the problem 
of growing volume of plastic waste (6). For 
a just and effective transition, the treaty’s 
provisions must prioritize financial invest- 
ment in other interventions. The treaty 
should require polymer producers to address 
plastic pollution by paying a substantial fee 
pegged to the quantity of primary plastics 
produced. This mechanism would disin- 
centivize growth in fossil-based production. 
The treaty should also define criteria for 
strong and independent Extended Producer 
Responsibility (EPR) schemes, establishing 
requirements for the design, manufactur- 
ing, and management through end of life 
for plastic products (7). Governments should 
then transparently implement the obliga- 
tions, which would incentivize private enti- 
ties to invest in upstream and midstream 
solutions for sustainable product design, 
management, and reuse. As negotiations 
progress, the parties involved should foster a 
shared understanding of the imperatives to 
finance systems and services in line with 
zero draft hierarchy, including those that 
reduce consumption and production, encour- 
age product redesign, and support reuse 
solutions. These priorities will guide the 
development of an effective plastics treaty. 
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The way you move 


Glial cells in the gut are specialized to fine-tune 


intestinal function 


By Marissa Scavuzzo 


fter reading this paragraph, close 
your eyes and take a large drink of 
water. Pay attention to everything 
you feel as the water moves into your 
esophagus and down your throat. It 
takes conscious control and effort to 
move the water as you swallow. Then you 
can feel—but no longer control—the peri- 
staltic wave in your esophagus as this or- 
gan takes over the action you consciously 
initiated. But soon after, everything you feel 
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fades. It is not until fecal matter forms in 
your distal colon that you can again sense 
what is present and regain control of how 
it is moved. 

Extrinsic innervation of the esophagus, 
stomach, and distal colon by peripheral 
neurons provides communication from the 
gut to the brain to allow you to feel and 
regulate these processes (J, 2). Everything 
in between is a different story. Believe it or 
not, your small intestine has a brain of its 
own that takes over for you. The “brain in- 
side your gut,” or the enteric nervous system 
(ENS), is a complex network of neurons and 
glia often referred to as the “second brain” 
owing to its cellular complexity and inde- 
pendence from central control. This second 
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brain senses the movement of contents and 
responds by initiating contractions to move 
luminal contents in a unidirectional, aboral 
motion independent from your brain. 

In a demonstration of the gut’s autonomy, 
when the outermost layer of the mouse 
small intestine is dissected and placed in 
culture for several days, the tissue continues 
to undergo peristaltic contractions without 
epithelial cells and any input from the cen- 
tral or peripheral nervous systems. This 
outermost layer of tissue contains smooth 
muscle cells, the pacemaker interstitial cells 
of Cajal (ICC), and the neurons and glia of 
the ENS. It is my goal to map the functional 
diversity of enteric glia in health and in a 
range of neurological and gastrointestinal 
diseases. 

In 1856, Rudolf Virchow named a new 
cell type in the central nervous system glia, 
the Greek word for glue, as these cells were 
thought to simply hold neurons together. 
Glial biology is now a burgeoning field of 
its own, with a multitude of glial cell types 
identified to fulfill some of the most funda- 
mental roles in the maintenance of brain 
function and integrity. Despite being a 
major constituent of the digestive system, 
the field of enteric glial biology is still in 
its infancy. The work that has been done 
in the field of enteric glial biology shows 
that these cells are diverse (3-5), yet their 
identities have not been characterized. Ab- 
lation of enteric glia leads to defects in gut 
motility and peristalsis (6—8), but if we only 
study these cells en masse, unaware of their 
individual roles, how will we ever reveal 
how this is happening? 

Our laboratory first developed new cellu- 
lar and molecular technologies that allowed 
us to define enteric glial diversity at the mo- 
lecular, spatial, morphological, and tissue 
level (9). In my previous work, I found that 
endocrine progenitors in the pancreas are 
heterogeneous (10); in fact, there is a sub- 
population of 8 cells called pancreatic hub 
cells that are less differentiated than other 
6 cells and act as pacemakers to synchro- 
nize insulin oscillations (71). We noticed a 
specific subpopulation of enteric glia that 
exclusively lived in the muscle layer with 
distinct molecular and morphological prop- 
erties (see the figure). Interestingly, these 
cells exhibited molecular features of less- 
differentiated glial cells. We named this 
new cell type enteric glial hub cells. 

We mapped the connectome of enteric 
glial hub cells and found evidence that these 
cells interact with ICCs and enteric neurons. 
ICCs generate slow waves through the cyclic 
opening of ion channels and fluctuations in 
membrane potential that on their own do 
not cause smooth muscle contraction in the 
small intestine (12, 13). These rhythmic slow 
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waves poise tissue for action and provide a 
framework for additional electrical activity to 
generate contractions. Thus, the gut requires 
external cues to reach threshold and an in- 
terplay of cell types to keep contents moving. 

We found that enteric glial hub cells 
express Piezo-type mechanosensitive ion 
channel component 2 (PIEZO2), an ion 
channel that opens upon application of 
force to a cellular membrane and was a fo- 
cus of the 2021 Nobel Prize in physiology 
or medicine (14, 15). We hypothesized that 
enteric glial hub cells respond to force to 
orchestrate and fine-tune the function of 
pacemaker ICCs and enteric neurons to co- 
ordinate muscle contractions. 

When we saw that the outside layer of 
intestinal tissue underwent peristalsis af- 


ter several days in culture, we noticed that 
contractions increased in response to the 
movement of the cell culture plate from 
the incubator to the microscope. Specifi- 
cally, the movement and flow of media on 
top of the tissue seemed to be the stimuli 
that initiated peristalsis. Returning to the 
ex vivo tissue, we developed an organ-on-a- 
chip platform to directly apply force to the 
intestine while concurrently doing high-res- 
olution calcium imaging (9). In this model, 
we found that hub cells directly sense force 
through PIEZO2 and observed that selec- 
tive deletion of PIEZO2 from adult enteric 
glia in vivo led to slowing of gut motility 
and a buildup of contents in the stomach. 
When enteric glial hub cells lost the abil- 
ity to sense force, the phenotype resembled 
gastroparesis, a poorly characterized condi- 
tion in which patients are unable to empty 
gastric contents in a regulated manner. We 
also documented arrhythmic oscillations in 
muscle and disorganized neurotransmis- 
sion in the intestinal muscle after loss of 
PIEZO2 from enteric glia. 

These findings put enteric glial hub cells 
first in line to receive and sense gut con- 
tents as they regulate the level of electri- 
cal activity, which causes ICCs and enteric 
neurons to fire and muscle to contract. Our 
findings revealed that the external cue is 
force itself, and that these specialized en- 
teric glia spatially position themselves by 
intertwining through muscle and neurons 
to fine-tune rhythmic contractions without 
any need for the brain itself. After swal- 
lowing, enteric glial hub cells in the “brain 
inside your gut” take over for you to keep 
things moving forward without it ever hav- 
ing to cross your mind. 
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To “feel” better, sleep on it! 


Emotional memories are consolidated during REM sleep 


By Mattia Aime! 


motions are a powerful driving force 

in our lives that influence our per- 

ceptions, behaviors, and overall well- 

being. As we navigate through the 

complexities of daily existence, we 

encounter a multitude of events that 
evoke strong positive and negative emo- 
tional responses. Yet how do we effectively 
manage this influx of emotional informa- 
tion without becoming overwhelmed? 
Interestingly, the answer to this question 
might lie in a seemingly unrelated phe- 
nomenon: sleep. 

Sleep is an integral part of our daily rou- 
tine, and, among the myriad functions at- 
tributed to this state, emotional processing 
stands out as a crucial aspect. Everyone 
has experienced at least once how a poor 
night’s sleep can wreak havoc on our emo- 
tions. We have all faced the grumpiness, 
irritability, and even aggression that can 
come with sleep deprivation. Yet despite 


this common experience, the science be- 
hind how sleep and emotions are interwo- 
ven remains only partially understood. 
Although evidence for the neural mecha- 
nisms associated with non-rapid eye move- 
ment (NREM) sleep (e.g., memory replay, 
synaptic homeostasis) has accumulated 
over the years, the function of rapid eye 
movement (REM, or paradoxical) sleep is 
less clear. In recent years, several studies 
have identified an important role of REM 
sleep in processing the information linked 
to emotional events encountered during the 
awake state (1-3). REM sleep is a state of 
high emotional content, characterized by 
vivid dreaming and heightened activity in 
brain regions associated with emotional 
processing, such as the amygdala and hip- 
pocampus (4, 5). This heightened activity is 
thought to support the consolidation and 
integration of emotional experiences and 
aid in emotional memory formation. In 
addition to these brain regions, which are 
involved in emotional processing, the pre- 


Somatodendritic decoupling optimizes emotional 


memories during REM sleep 


During rapid eye movement (REM) sleep, the neuronal microcircuits in the prefrontal cortex (PFC) undergo a 
shift in excitation-inhibition balance, resulting in a somatodendritic decoupling of pyramidal (PYR) neurons. 
This mechanism is regulated by an REM-selective redistribution of activity of PV, SST, and VIP interneurons, 
which is partially driven by thalamic inputs. The somatodendritic decoupling is crucial for optimizing the 
processing of emotional memories. Optical inactivation of dendritic activity during REM sleep impairs the 
storage of emotional information, whereas somatic reactivation leads to memory overconsolidation. 
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frontal cortex has been recognized as a key 
player in regulating and modulating emo- 
tions (6, 7). However, this brain structure is 
paradoxically quiescent during REM sleep, 
displaying diminished activity and reduced 
connectivity with other brain areas (8-11). 

How does the prefrontal cortex process 
and store emotional information despite 
being silent during REM sleep? To deci- 
pher the enigma behind this paradox, my 
colleagues and I first dissected the micro- 
circuit dynamics of the prefrontal cortex 
during REM sleep in head-restrained, nat- 
urally sleeping mice using simultaneous 
two-photon calcium imaging and polysom- 
nography (with electroencephalography 
and electromyography to determine sleep 
states) (12). Remarkably, during REM sleep, 
the cell bodies (somas) of pyramidal neu- 
rons exhibited minimal activation, yet the 
dendritic arbors of these neurons displayed 
heightened activity, which resulted in a no- 
table functional dissociation between these 
two subcellular compartments that we de- 
fine as somatodendritic decoupling. 

This mechanism is reminiscent of a si- 
multaneous inhibition at the cell somas 
and disinhibition of their dendritic ar- 
borizations. To test this possibility, we 
recorded the main subpopulations of in- 
hibitory neurons in the prefrontal cortex. 
Consistent with canonical circuit models, 
we identified a heightened activity of the 
parvalbumin (PV) interneurons, which are 
known to provide perisomatic inhibition 
of pyramidal neurons, during REM sleep 
(see the figure). Concurrently, we observed 
an REM-selective potentiation of inhibi- 
tory tone exerted by vasoactive intestinal 
peptide neurons onto the somatostatin in- 
terneurons. This process created a state of 
reduced inhibition, effectively disinhibiting 
the pyramidal dendrites and facilitating 
their activity (see the figure). Additionally, 
we found that long-range projections from 
the thalamus are predominantly responsi- 
ble for promoting PV activity during REM 
sleep and consequently drive the somatic 
silencing of pyramidal neurons. To our 
knowledge, this is the first evidence that 
implicates thalamocortical circuits in REM 
sleep functions that go beyond their well- 
studied role in NREM sleep. Whether this 
mechanism can be generalized to the whole 
cortex, possibly through neuromodulation, 
awaits further investigation. 

Does the somatodendritic decoupling 
play a role in the processing of emotional 
information during REM sleep? To explore 
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this question, we used optogenetics to se- 
lectively block the somatodendritic decou- 
pling during REM sleep after an auditory 
fear-conditioning discriminative learn- 
ing task during which mice are trained 
to associate auditory cues with danger or 
safety stimuli (72). This perturbation of 
the decoupling was achieved either by op- 
togenetic silencing of PV neurons during 
REM sleep and consequently reactivating 
the somatic compartment of pyramidal 
neurons or by suppressing the activity 
of VIP neurons and thus obstructing the 
dendritic disinhibition. REM-specific sup- 
pression of dendritic activity led to a loss 
of danger-versus-safety discrimination 
during learning and a lack of synaptic 
plasticity. However, optogenetic release of 
somatic inhibition led to a pyramidal neu- 
ronal activation that resulted in enhanced 
discrimination and synaptic potentiation. 
Hence, REM sleep-associated somatoden- 
dritic decoupling promotes opposing syn- 
aptic plasticity mechanisms that optimize 
emotional responses to future behavioral 
stressors (see the figure). 

Notably, optically induced somatic reac- 
tivation of pyramidal neurons during REM 
sleep resulted in the overconsolidation of 
emotional memories (see the figure). In- 
deed, when mice were subsequently trained 
in a fear extinction task, they failed to ad- 
equately suppress the previously acquired 
fear memory. This inability to extinguish 
a fear memory is reminiscent of a patho- 
logical condition: posttraumatic stress dis- 
order (PTSD). PTSD is the most common 
psychiatric disorder that arises after expo- 
sure to a traumatic event. Of note, among 
people who have experienced a traumatic 
event, those who suffer from major sleep 
problems are more likely to develop PTSD 
in the future. Indeed, one of the earliest 
signs of PTSD is sleep disturbance, which 
often includes nightmares, insomnia, and 
fragmented REM sleep (J3, 14). Thus, the 
interaction between REM-dependent stabi- 
lization of long-term emotional memories 
and the onset of PTSD is of great interest 
and relevance to the worldwide preva- 
lence of this neuropsychiatric condition. 
With all this in mind, it is reasonable to 
hypothesize that a functional somatoden- 
dritic decoupling is compromised in PTSD 
patients. These findings open new perspec- 
tives for identifying therapeutic targets to 
treat maladaptive processing of traumatic 
memories, such as PTSD and their early 
(i.e., REM) sleep-dependent consolidation. 

Changes in REM sleep quantity or qual- 
ity are frequently symptomatic of affec- 
tive disorders, including PTSD. Long-term 
improvement of sleep leads to decreased 
anxiety, stress, and depression, as well 


as increased well-being. Emotions have a 
powerful impact in our lives; so to “feel” 
better, let’s sleep on it! 
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From single cells to 


neural circuits 


Neural circuits are mapped in high throughput 


with single-cell genomics 


By Michael A. Skinnider* 


he human brain is composed of bil- 
lions of neurons, wired together into 
neural circuits by trillions of syn- 
apses. Deciphering the organization 
of these neural circuits, and how 
they allow for the processing of in- 
formation and the execution of complex 
behaviors, is a fundamental goal of neuro- 
science. Historically, however, dissecting 
neural circuits has been a low-throughput 
endeavor. Neuroscientists had to carefully 
synthesize existing knowledge to formu- 
late hypotheses about the roles of specific 
neurons and then deploy painstaking ex- 
periments to test those hypotheses (1). 

Over the past two decades, a series of 
technological advances has markedly ac- 
celerated the pace at which neural circuits 
can be dissected. Among the most exciting 
of these advances has been the advent of 
single-cell transcriptomics. Single-nucleus 
RNA sequencing (snRNA-seq) can measure 
the expression of thousands of genes across 
tens of thousands of neurons in a single 
experiment. This technology has opened 
an unprecedented window into neuronal 
diversity in the brain and has revealed 
hundreds of molecularly distinct neuronal 
subtypes (2, 3). But snRNA-seq produces 
fundamentally static maps of gene expres- 
sion. Linking neuronal subpopulations 
defined by single-cell transcriptomics to 
specific neural circuits—e.g., those acti- 
vated by stimuli such as hunger or fear— 
has remained challenging. 

I came face-to-face with this challenge 
in my efforts to understand the neural 
circuits engaged by epidural electrical 
stimulation (EES). EES, which involves de- 
livering bursts of electricity to the lumbar 
spinal cord using an implantable device, 
has been shown to instantly restore walk- 
ing in patients paralyzed by spinal cord 
injuries (4-7). Unexpectedly, EES was also 
found to mediate longer-term recovery, to 
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the point that several patients eventually 
recovered the ability to walk even after 
the EES device was disabled. However, the 
neural circuits underlying this remarkable 
recovery remained enigmatic. 

My colleagues at the Ecole Polytech- 
nique Fédérale de Lausanne and I sought 
to identify the neurons that could restore 
walking after paralysis (8). In the absence 
of a specific hypothesis about their iden- 
tity, we surmised that we would need to 
simultaneously measure the molecular 
responses to EES of every neuronal sub- 
population in the spinal cord. Single-cell 
genomics provided the ideal platform to 
achieve this goal. Using snRNA-seq, we 
measured gene expression in 20,990 spi- 
nal cord neurons from mice subjected to 
various modes of EES. However, leveraging 
these data to identify the specific neuronal 
subpopulations activated by EES proved 
more challenging than anticipated. Clas- 
sical markers of neuronal activation, such 
as the immediate early gene c-fos, were 
expressed so lowly that they were almost 
indistinguishable from noise. 

Clearly, a new approach was needed. 
I reasoned that neuronal responses to a 
given stimulus are not limited to the ac- 
tivation of immediate early genes and 
sought instead to develop a method that 
could take the entire neuronal transcrip- 
tome into account. My key hypothesis was 
that neurons that undergo a profound 
transcriptional response to EES should 


become separated from their unstimu- . 


lated counterparts within the multidimen- 
sional space of gene expression. Aware of 
the limitations of widely used measures of 
separability in single-cell data (9), I saw an 
opportunity to overcome these limitations 
using machine learning. I posited that a 
machine-learning model could be trained 
to predict whether a given cell came from 
the spinal cord of a mouse that received 
EES or from that of a control mouse. Then, 
knowing which mouse each cell came 
from, we could calculate the accuracy of 
these predictions. For neurons that were 
strongly activated by EES, I thought that 
the model should readily learn to predict 
whether a particular cell came from a 
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stimulated or unstimulated spinal cord. By 
contrast, for neurons not engaged by the 
therapy, the model’s guesses should be no 
better than random chance. 

I implemented these ideas in a method 
that I named Augur (JO). Initially, I tested 
Augur with simulated single-cell data and 
was excited to find that Augur correctly 
prioritized the activated cell types in every 
simulation. Moreover, in published single- 
cell data, I found that Augur was able to 
correctly recapitulate well-studied neural 
circuits. In the visual cortex, for example, 
Augur accurately identified the neural cir- 
cuits activated in response to light. 

The ultimate test of Augur, however, 
would be its ability to help identify the neu- 
rons activated by EES. Remarkably, when 
Augur was applied to our snRNA-seq data- 
set, it prioritized the same subpopulation 
of visual system homeobox 2 (Vsx2)-ex- 
pressing ventral excitatory interneurons in 
response to every mode of EES. This obser- 
vation was further strengthened by spatial 
transcriptomics data from the same mice. 
I extended the logic underlying Augur into 
the setting of spatial transcriptomics and 
captured this new spatial logic in a second 
method that I named Magellan. I found 
that Magellan circumscribed the response 
to EES within the intermediate laminas of 
the spinal cord—exactly where the inter- 
neurons that Augur prioritized reside. 

To elucidate the functional and anatomi- 
cal properties of the prioritized neurons, 
we leveraged whole brain-spinal cord 
imaging of injured tissues, population- 
specific neuronal tracing, neuron-specific 
cellular recordings, cell ablation, chemoge- 
netics, and ultimately optogenetics. These 
experiments unequivocally demonstrated 
that a single neuron subpopulation is both 
necessary and sufficient for walking after 
paralysis. We had indeed found the neu- 
rons that restore walking after paralysis. 

In our hands, Augur and Magellan have 
been transformative tools to dissect neural 
circuits in the spinal cord and understand 
how they can be therapeutically targeted 
after spinal cord injuries. For example, we 
have now applied Augur and Magellan to 
discover a subpopulation of neurons that 
leads to loss of blood pressure control after 
spinal cord injury and another subpopula- 
tion that can be regrown through an ana- 
tomically complete injury to reestablish 
communication between the brain and 
spinal cord (1). Augur and Magellan have 
also helped in the dissection of cellular re- 
sponses to perturbations across the central 
nervous system more broadly, including 
those of glial, vascular, and peripheral im- 
mune cells (12). Together, these methods 
provide a framework to tackle a funda- 
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mental challenge in neuroscience using 
unbiased single-cell technologies, and my 
hope is that they will accelerate the pace 
at which the neural circuits underlying any 
arbitrary behavior can be mapped. 
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Good competition in the gut 


hose who must use antibiotic prophylaxis to prevent opportunistic infections are at high risk for intestinal colonization and infection by 
multidrug-resistant organisms (MDROs). Woodworth et al. conducted a randomized controlled trial to compare the safety, efficacy, and 
strain dynamics of MDRO eradication after bowel preparation plus fecal microbiota transfer (FMT) versus bowel preparation alone in 11 
renal transplantation recipients. FMT resulted in faster MDRO decolonization and protected study participants from recurrent infection. 
In some participants, extended spectrum beta lactamase (ESBL)—producing strains were replaced by non-ESBL strains, suggesting that 


strain competition rather than eradication may occur after FMT. -MLN 


Sci. Transl. Med. (2023) 10.1126/scitranslmed.abo2750 


Gut microbes, pictured here in a colored scanning electron micrograph, can be replaced by fecal microbiota transfer, including strains that are drug resistant. 


MESOSCOPIC PHYSICS 


Probing a chiral edge 


One-dimensional systems of 
electrons behave in an unusual 
way that is described by the 
so-called Luttinger liquid theory. 
One way to study a one-dimen- 
sional system is to focus on the 
boundary of a two-dimensional 
fractional quantum Hall (FQH) 
state, which is home to chiral 
edge modes. The edge modes 
form chiral Luttinger liquids, 
which can be studied by tun- 
neling electrons into them. To 
that end, Cohen et al. created a 
constriction known as a quan- 
tum point contact between an 
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FQH state with 1/3 filling and an 
integer quantum Hall state with 
a filling of 1 in graphene. The con- 
ductance across the quantum 
point contact exhibited scaling 
laws characteristic of a chiral 
Luttinger liquid. —JS 


Science, adf9728, this issue p. 542 


GENOMICS 
Arabidopsis nucleolus 
organizer regions 


Nucleolus organizer regions 
contain ribosomal DNA (rDNA) 
repeats encoding the 18S, 25S to 
28S, and 5.8S ribosomal RNAs 


(rRNAs) essential for protein 
synthesis. Fultz et al. used long- 
read DNA sequencing to provide 
a detailed structure of the two 
nucleolus organizer regions of 
Arabidopsis thaliana, NOR2 and 
OR4, to study their expres- 
sion and DNA methylation in 
flow-sorted nucleoli. The authors 
discovered many rRNA gene 
subtypes and found that most 


whereas NORZ2 is mostly silent. 
This work provides a molecular 
understanding of nucleolar dom- 
inance, a process in which NORs 
re differentially expressed 

uring development and NORs 
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active genes are in central NOR4, 


inherited from one progenitor 
are more active. Correlation of 
rDNA homogeneity with high 
expression implicates transcrip- 
tion in rDNA evolution. —DD 
Sci. Adv. (2023) 
10.1126/sciadv.adj4509 


ACTIVE GALAXIES 
Adense gas inflow 
feeding a black hole 


Most galaxies contain a super- 
massive black hole at their 
center. When gas falls toward the 
black hole, it heats up and emits 
radiation and can be observed 
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GENE EXPRESSION 
Sex, development, 
and gene expression 


Because of differences in gene 
dosage compensation, hormone 
levels, and other factors, the 
expression of some genes is 
known to differ between sexes 
across sexually reproducing 
organisms. Rodriguez-Montes 
et al. looked at gene expression 
across organs through devel- 
opmental stages for chicken, 
mouse, rat, rabbit, opossum, 
and humans to determine when 
differences seen in adulthood 
arise (see the Perspective by 
Sémon). Although the genes that 
are found on sex chromosomes 
or are involved in sex steroid 
pathways are often sex biased 
in at least one context, there are 
few genes with expression that 
is consistently sex biased across 
organs, development, or species. 
These results give insight into the 
rapid turnover of sex-biased gene 
expression over evolutionary 
time. —CNS 

Science, adf1046, this issue p. 533; 

see also adk9990, p. 515 


CHEMICAL BIOLOGY 


Formaldehyde feedback 
Exposure to concentrated 
exogenous formaldehyde 

is toxic, but organisms also 
produce considerable amounts 
endogenously, so cells must 
have mechanisms to sense and 
respond to formaldehyde stress. 
Pham et al. used activity-based 
profiling of mouse liver cells 

to identify potential privileged 
sites in the proteome that react 
with formaldehyde and might 
be involved in sensing over- 
load. The authors identified a 
cysteine within an isoform of 
S-adenosylmethionine (SAM) 
synthase (MAT1A), that is pref- 
erentially modified and inhibited 
by formaldehyde exposure. The 
downstream effect in a mouse 
model of chronic formaldehyde 
stress was a reduction in SAM 
levels and a perturbation of spe- 
cific histone methylation sites, 
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which in turn led to increased 
transcription and protein levels 
of MAT1A. —MAF 

Science, abp9201, this issue p. 532 


IONTRONICS 
Sending ionic signals 
to bullfrog hearts 


Recognition and control of 
diverse bioionic signals, which 
would allow for the regulation 
of physiological processes in 
aqueous-phase biological media, 
remains one of the main chal- 
lenges in the field of iontronics. 
State-of-the-art electronics and 
iontronics are still limited to 
electrons or single ions as signal 
carriers. Chen et al. report a het- 
erogated biphasic gel iontronic 
device capable of biocompatible 
electronic-ionic signal processing 
and transmission, as demon- 
strated by regulating the cardiac 
electrical activity of bullfrog 
hearts. This approach is a prom- 
ising step toward biocompatible 
signal processing and transmis- 
sion in abiotic-biotic systems 
and has the potential to inspire 
interdisciplinary research at the 
intersection of electronics, ionics, 
chemistry, biology, and medicine. 
—YS 

Science, adg0059, this issue p. 559 


ELECTROCHEMISTRY 
Conductivity control 
through occupancy 


Lithium-metal-halides behave 
as superionic conductors and 
show stability at high operat- 
ing voltages, thus making them 
suitable candidates for solid 
state batteries. Although several 
mechanisms for this behavior 
have been suggested, a detailed 
analysis of each one and its 
overall significance has been 
acking. Yu et al. studied a fam- 
ily of hexagonal close-packed 
stacked trigonal halides with the 
general formula of Li,MCI,, where 
Mis ametal ion such as yttrium 
(see the Perspective by Van der 
Ven). Using a combination of 
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computational methods, the 
authors observed the importance 
of having partial occupancy of the 
metal in developing two critical 
structural characteristics: the 
existence of a percolating network 
and the maintenance of an appro- 
priate interlayer distance. —MSL 
Science, adg6591, this issue p. 573; 
see also adk8617, p. 513 


NEUROSCIENCE 
Mental time travel 
in virtual reality 


The hippocampus holds a model 
of the environment that can be 
mentally traversed during recall 
or simulation. It is unknown 
whether animals can intention- 
ally control their hippocampal 
activity according to their model 
of the world. By combining 
virtual reality and a real-time 
brain-machine interface, Lai et 
al. discovered that rats directly 
controlled their hippocampal 
neuronal firing in a goal-directed 
manner (see the Perspective by 
Coulter and Kemere). Rats first 
formed a hippocampal map of 
a virtual environment. Then, in 
brain-machine interface mode, 
they demonstrated the abil- 
ity to activate representations 
from this map corresponding to 
specific remote locations, which 
then brought either them or an 
object to spatial goals. The rats 
could sustain a hippocampal rep- 
resentation of a remote location 
for tens of seconds, reminiscent 
of human imagination or mental 
time travel. —-PRS 

Science, adh5206, this issue p. 566; 

see also adl0806, p. 517 


RESTORATION ECOLOGY 
Herbivory constrains 
restoration success 


Restoring vegetation to degraded 
areas, either through planting or 
by encouraging natural genera- 
tion, is a prominent strategy for 
conservation and nature-based 
climate solutions. However, 
restoration efforts are not always 


successful and can take a long 
time to reach pristine condi- 
tions. Xu et al. performed a global 
meta-analysis to ascertain 
how herbivory affects restora- 
tion success in both terrestrial 
and aquatic systems (see the 
Perspective by Villar). They found 
that herbivory has negative 
effects on plant abundance and 
diversity at restoration sites, 
even more than in undisturbed 
ecosystems, and this effect was 
strongest at sites with actively 
planted vegetation. Their findings 
suggest that excluding herbivores 
or reintroducing predators may 
aid restoration efforts in many 
locations. —BEL 

Science, add2814, this issue p. 589; 

see also adl0578, p. 516 


WATER AVAILABILITY 
Southern water 


How has climate change 
affected the availability of land 
water over the recent past? 
Zhang et al. calculate global 
land water availability over the 
last two decades and found an 
overall decline that has been 
dominated by a negative trend 
in the Southern Hemisphere, 
whereas a mixture of positive 
and negative regional trends in 
the Northern Hemisphere have 
led to no significant change there 
(see the Perspective by Bléschl 
and Chaffe). El Nifio is the most 
important climate mode affecting 
water availability in the Southern 
Hemisphere. —HJS 

Science, adhO716, this issue p. 579; 


see also adk8164, p. 512 


IMMUNOLOGY 
Clonal eviction is key 
to tolerance 


During their development, 
thymocytes with potentially auto- 
reactive T cell receptors (TCRs) 
engage self-ligands presented by 
thymic epithelial cells with high 
affinity and are eliminated in a 
process called negative selection. 
Although TCR signaling is sus- 
tained during CD4 T cell selection 


science.org SCIENCE 


in the thymus, this is not the case 
for CD8 T cells, so autoreactive 
CD8T cells must be managed 
differently. Badr et a/. report in 
mice that immature autoreactive 
CD8 thymocytes are prematurely 
evicted from the thymus when 
strong TCR signaling down- 
regulates the transcriptional 
repressor Gfil and induces the 
expression of S1P1. Thymocytes 
then travel to the periphery, 
where they develop into mature 
but self-tolerant clones. —STS 
Science, adh4124, this issue p. 534 


CANCER IMMUNOLOGY 
Exhausted T cells 
turn off TEs 


Transposable elements (TEs) 

are non—protein-coding DNA 
sequences capable of moving 
throughout the genome and com- 
posing nearly 50% of genomic 
DNA, but their function in T cells 
remains unclear. By analyzing 
bulk and single-cell transcrip- 
tomics, Bonté et al. explored the 
expression and regulation of TEs 
during the establishment of T cell 
exhaustion. In mouse tumor and 


chronic viral infection models, TEs 
belonging to the VL30 family were 
highly repressed in terminally 
exhausted, tumor-infiltrating 
T cells and were controlled by 
the transcription factor Fli1. In 
human tumors, TE expression 
patterns were associated with 
the state of T cell exhaustion and 
reprogrammed by anti-PD-1 
immunotherapy. These findings 
demonstrate that TE expression 
is tightly regulated during the 
progression of T cell exhaustion, 
which could improve the accuracy 
of T cell gene signatures. —CO 

Sci. Immunol. (2023) 
10.1126/sciimmunol.adf8838 


CELL BIOLOGY 
Degrading endosomal 
redox signals 


Fragments of extracellular 
matrix proteins stimulate chon- 
drocytes to produce proteases, 


SCIENCE science.org 


thus perpetuating cartilage 
degradation. Miao et al. found 
that the internalization of a 
fibronectin fragment and its inte- 
grin receptor induced primary 
human chondrocytes to increase 
their production of the prote- 
ase MMP-13 (see the Focus by 
Goldring). This increase required 
the formation of redoxosomes, 
endosomes that are production 
sites for reactive oxygen spe- 
cies, and sustained intracellular 
integrin signaling. Cartilage from 
osteoarthritis patients showed 
increased formation of these 
redoxosomes. —AMV 
Sci. Signal. (2023) 
10.1126/scisignal.adf8299; 
see also 10.1126/scisignal.adj9760 
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as an active galactic nucleus. 
However, it is not known how 
gas is delivered from the wider 
galaxy to the inner region around 
the black hole. Izumi et al. 
combined submillimeter obser- 
vations of several gas tracers in 
the center of the Circinus galaxy, 
a nearby active galactic nucleus. 
By comparing the kinematics of 
molecular, atomic, and ionized 
gas, they were able to identify an 
inflow of dense molecular gas in 
the central parsec, feeding the 
black hole. —KTS 

Science, adf0569, this issue p. 554 


THERMAL TRANSPORT 
A quick thermal switch 


Controlling thermal transport 
is challenging because of the 
difficulty in creating devices that 
work quickly and can be cycled 
many times. Li et a/. developed a 
three-terminal thermal switch in 
which the heat flow is modu- 
lated by an electric field. The 
device works through careful 
control of chemical bonding 
and charge distribution. The 
resulting switching speeds are 
above 1 megahertz, with thermal 
conductance ratios over 1300%, 
and can be switched more than 
10 million times. —BG 

Science, abo4297, this issue p. 585 


MPOX 
Into the heart 
of defenselessness 


In March 2022, an international 
epidemic of human Mpox was 
detected, showing that it was 
not solely a zoonotic infection. 
A hallmark of the approximately 
88,000 cases that have been 
reported were TC>TT and 
GA>AA mutations in Mpox 
viruses, which were acquired at 
a surprisingly high evolutionary 
rate for a pox virus. Knowing 
that these types of mutation are 
a sign of activity by a host anti- 
viral enzyme called APOBEC3, 
O'Toole et al. investigated 
whether the mutations reflected 
human-to-human transmission 
rather than repeated zoonotic 
spillover. Bayesian evolutionary 
analysis showed that Mpox virus 
recently diversified into several 


530 


lineages in humans that display 
elevated numbers of mutations, 
signaling APOBEC exposure and 
sustained human-to-human 
transmission rather than zoono- 
sis as the source of new cases. 
—CA 

Science, adg8116, this issue p. 595 


DEVELOPMENT 
Flipping a switch 
in gonadal development 


The development of ovaries or 
testes in mammals depends on 
the presence of specific sup- 
porting cells: Sertoli cells for the 
testes and pregranulosa cells for 
the ovaries. The gene Sry, located 
on the Y chromosome, plays a 
key role in promoting testicular 
development, but the driver(s) 
of ovarian development has 
remained unknown. Gregoire et 
al. have revealed the role of the 
tumor suppressor protein WT1 
in ovarian development in mice. 
WT1 has two major isoforms 
that do or do not include three 
amino acids in a particular site 
in the protein. A change in the 
ratio of isoforms suppresses the 
expression of SRY, resulting ina 
shift toward ovarian rather than 
testicular development. —YN 
Science, add8831, this issue p. 600 


DIOXYGEN ACTIVATION 
MOF mimic of an 
oxygenase 


Redox-active metalloproteins 
are often adept at binding to 
and controlling the reactivity 
of oxygen. Hou et a/. showed 
that a metal-organic framework 
can similarly activate dioxygen 
and perform hydroxylation of 
aliphatic substrates. The authors 
used a range of spectroscopic 
techniques to demonstrate 
that the mechanism proceeds 
through a high-spin iron(IV)-oxo 
species, similar to what is seen 
in some dioxygenase enzymes. 
This system can perform cata- 
lytic oxygenation of cyclohexane 
and should inspire future cata- 
lyst development for dioxygen 
activation and hydrocarbon 
oxidation. —MAF 

Science, add7417, this issue p.547 
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TOPOLOGICAL MATTER 
Intertwining topology 
with interactions 


Two of the most important topo- 
logical states, quantum spin 
Hall and quantum anomalous 
Hall, have distinct characters 
and tend to appear in different 
materials. Recently, however, 
both states were observed in 
the same material, a MoTe,/ 
WSe, moiré bilayer, a result 

that could not be understood 
using standard noninteracting 
models. Inspired by these find- 
ings, Mai et al. applied analytical 
and numerical methods to 
study the interplay of topology 
and interactions in models of 
two-dimensional topological 
systems. Both a simpler, exactly 
solvable model and more 
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realistic ones incorporating 
Hubbard interactions indicated 
the formation of topological 
states consistent with experi- 
ments. —JS 

Nat. Commun. (2023) 


10.1038/S41467-023-41465-6 . 


FUNGI 
Rocky radiation resisters 


Organisms vary widely in their 
ability to withstand ionizing 
radiation, but for microbes 
growing on exposed rock 
surfaces, protection from the 
sun is essential. Aureli et al. 
collected data on fungal radia- 
tion resistance for 101 strains 
of black meristematic fungi 
from sites around the world, 
including the harsh, dry valleys 
of Antarctica. Consistent with 
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prior work, the authors found 
that adaptation to extreme 
environments in general may 
provide enhanced resistance to 
gamma radiation. Some fungi 
are also known to tolerate and 
possibly even derive energy 
from anthropogenic radiation 
sources, although all of these 
mechanisms require much 
more study. —MAF 

Environ. Microbiol. (2023) 

10.1111/1462-2920.16510 


NATURAL PRODUCTS 
Plant-based neuronal 
protection 


Accumulation of proteins 
containing polyglutamine 
repeat (polyQ) in neurons 
leads to the formation of toxic 


SCIENCE science.org 


ECOLOGICAL ECONOMICS 


Improving policies for 
people in poverty 

rograms that pay people 

for actions that produce 

ecosystem services, such 

as managing land to pre- 

vent soil erosion, have the 
potential to improve environmental 
conditions while also reducing 
poverty. Such programs must be 
carefully designed to help those 
most in need. Hu et al. used a 
cross-sectional dataset of 5225 
households in Sichuan Province, 
China, to evaluate a program that 
pays farmers to give up land usage 
rights in forests to increase carbon 
storage. They found that whereas 
moderately poor households ben- 
efited from the program, extremely 
poor households with limited labor 
capacity suffered from the loss 
of forest resources without the 
opportunity for income from forest- 
tending work, suggesting a need 
for additional avenues to receive 


aggregates and subsequent 
neurodegeneration in humans. 
PolyQ affecting human hun- 
tingtin (hHTT) leads to the 
development of Huntington's 
disease. Interestingly, plants 
express many polyQ-containing 
proteins, but no cell degenera- 
tion or plant pathologies have 
been observed. To investigate 
this discrepancy, Llamas et 

al. expressed polyQ-hHTT in 
plant cells and showed that the 
stromal processing pepti- 

dase (SPP) in chloroplasts 
interacted with the polyQ, 
preventing protein aggregation. 
Synthetic SPP expressed in 
human cells prevented polyQ- 
hHTT aggregation. Although 
very preliminary, this study 
suggests that we might be able 
to leverage plant cell biology to 


compensation. —BEL 


J. Ecol. Econ. (2023) 
10.1016/j.ecolecon.2023.107976 


Financial incentives to reduce forest 
exploitation in China may still disadvantage 
the very poor. 


find therapies for mammalian 
neurodegeneration. -MMa 
Nat. Aging (2023) 
10.1038/s43587-023-00502-1 


ARIDITY 


Dry-field patterning 

How will the global distribution of 
aridity change as anthropogenic 
activities continue to affect tem- 
perature and precipitation fields? 
Yin and Porporato found that the 
pattern of aridity is controlled 
primarily by the spatial variability 
of precipitation, that this pattern 
has not changed significantly in 
the past century, and that it is 
not expected to change even in 

a drier, warmer future. Knowing 
how aridity and water availability 
will change is key to understand- 
ing the Earth system in general 


and issues such as food security, 
ecosystem resilience, carbon 
storage, and public health in 
particular. —HJS 
Geophys. Res. Lett. (2023) 
10.1029/2023GL105228 


CELL BIOLOGY 


Going through a phase 
The secretory pathway guides 
secretory and membrane pro- 
teins from their site of synthesis 
in the endoplasmic reticulum (ER) 
through the Golgi complex in tran- 
sit to the cell exterior. Liquid-liquid 
phase separation (LLPS) can 
organize cellular compartmental- 
ization, but the regulators of this 
process are largely elusive. Gallo 
et al. found that protein assem- 
blies involved in packaging and 
transport of proteins from the ER 
membrane, so-called ER exit sites 
(ERES), are organized through 
LLPS. Counteracting activities of 
DYRK3 kinase and phosphatases 
establish a dynamic liquid-like 
environment within the ERES. 
These biophysical changes are 
required for efficient secretory 
protein trafficking from the ER to 
the Golgi. —SMH 
Dev. Cell (2023) 
10.1016/j.devcel.2023.08.005 


CARDIOLOGY 
Be still my beating heart 


The heart continues to beat 
without pause throughout an 
animal's life. Even isolated cardiac 
cells and tissues maintain pulsa- 
tions, which makes them useful 
models for investigations of heart 
biology. Unfortunately, pulsating 
cells are difficult to study because 
the constant motion can interfere 
with imaging-based methods 
of analysis. Cells can be para- 
lyzed using a pharmacological 
compound such as blebbistatin 
to facilitate imaging, but inhibitors 
alter the cells’ metabolism, which 
precludes the study of cardiac 
contraction in action. A computa- 
tional approach from Woodhams 
et al. allows cardiac cells to keep 
on contracting and also allows 
simultaneous analysis by digitally 
removing motion artifact without 
altering the tissue itself. —YN 

Proc. Natl. Acad. Sci. U.S.A. (2023) 

10.1073/pnas.2212949120 
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Formaldehyde regulates S-adenosylmethionine 
biosynthesis and one-carbon metabolism 


Vanha N. Pham, Kevin J. Bruemmert, Joel D. W. Toh, Eva J. Ge, Logan Tenney, 
Carl C. Ward, Felix A. Dingler, Christopher L. Millington, Carlos A. Garcia-Prieto, 
Mia C. Pulos-Holmes, Nicholas T. Ingolia, Lucas B. Pontel, Manel Esteller, 

Ketan J. Patel, Daniel K. Nomura, Christopher J. Chang* 


INTRODUCTION: One-carbon metabolism man- 
ages cellular carbon pools by detoxifying highly 
reactive carbon species, such as aldehydes, and 
diverting their carbon toward the biosynthesis 
of useful products, including amino acids and 
nucleotides. Formaldehyde (FA) is a major one- 
carbon unit derived from exogenous environ- 
mental exposure and endogenous sources and 
is quickly scavenged in the cell through enzy- 
matic oxidation to formate and carbon dioxide 
and/or metabolized through the folate cycle. 
S-adenosylmethionine (SAM) serves as the 
primary cellular methyl donor and harbors 
one-carbon units in a stable and accessible 
form. The ability to decipher the biochemical 
interplay between toxic reactive carbon spe- 
cies and stable physiological carbon units is 
essential for understanding fundamentals of 
one-carbon metabolism across all kingdoms of 
life. Especially important is understanding how 
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aberrant carbon imbalances are connected to 
human diseases such as cancer, liver diseases, 
and asthma. Although the chronic exposure of 
toxic aldehydes is correlated to disease states, 
biological mechanisms of aldehyde signaling 
and their relation to carbon metabolism re- 
main underexplored. 


RATIONALE: Owing to its highly electrophilic 
nature, we hypothesized that FA could act as a 
one-carbon signal sensed by privileged cysteine 
sites across the proteome. FA reacts with cys- 
teines on synthetic peptides, and we designed 
an unbiased, proteome-wide profiling study to 
systematically identify FA-sensitive cysteine 
residues. This work builds a biochemical 
framework for understanding global FA reac- 
tivity as a selective posttranslational modifi- 
cation of target proteins and downstream 
regulatory effects of such modifications. 
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FA-dependent inhibition of SAM biosynthesis. (A) ABPP identifies FA-sensitive cysteines such as 
MATIA Cys120, in which FA modification inhibits S-adenosylmethionine synthase isoform type-1 
(MATIA) activity. (B) SAM deficiency lowers select histone methylation (Me) marks. (C) Adh5-“~ 
mouse model of FA overload displays epigenetic alterations. (D) Inhibition of MATIA activity by FA 
decreases SAM levels, which in turn promotes a one-carbon feedback cycle by compensatory increases 


in MATIA expression. [Figure created using BioRender] 
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RESULTS: Activity-based protein profiling i ie 
tified FA modification of privileged cystl.- 
sites across the proteome, including several 
enzymes responsible for FA metabolism, one- 
carbon metabolism, and amino acid biosynthesis. 
We focused on biochemical characterization 
of a key Cys120 residue on the SAM-generating 
enzyme S-adenosylmethionine synthase iso- 
form type-1 (MAT1A) that is proximal to the 
MATIA active site. FA exposure resulted in 
inhibition of MAT1A activity in an isoform- 
specific manner, which led to decreased SAM 
production. Cellular models containing only 
the MATIA isoform displayed a reciprocal de- 
crease in SAM levels with increasing doses of 
FA exposure. Moreover, an Adh5 /“ mouse model 
of chronic FA elevation also showed SAM 
deficiency accompanied by lower levels of 
methylation on select histone methyl sinks. 
The chronic FA model also resulted in a de- _ 
crease in methylation of the Matia promoter 
region, resulting in increased MATIA expres- 
sion as a compensatory mechanism to main- 
tain available carbon units. We deciphered a 
compensatory biochemical feedback cycle 
where FA-dependent SAM deficiency led to 
an increase in MAT1A expression through ‘ 
genetic and epigenetic mechanisms regulated 
by FA-dependent transcription factors and 
DNA promoter hypomethylation, respectively. 


CONCLUSION: In contrast to the traditional 
view of FA as an indiscriminate electrophile 
and toxic metabolite, we show that FA is sensed 
by specific cysteine sites in the proteome to 
regulate one-carbon metabolism feedback 
cycles through SAM biosynthesis. FA reacts 
with a key cysteine residue on MATIA to 
inhibit its activity, resulting in SAM deple- 
tion and downstream changes in histone and 
DNA methylation. Under normal homeostatic - 
conditions, FA is quickly sequestered into the ‘ 
folate cycle for conservation of one-carbon 
units to maintain balanced SAM biosynthesis. 
In response to FA overload, reciprocal SAM 
depletion through isoform-specific MATIA 
inhibition results in changes to cellular meth- 
ylation potential, epigenetic dysregulation, 
and perturbations in one-carbon metabo- 
lism, which in turns leads to compensatory 
up-regulation of MATIA expression. This work 
provides a starting point for further explo- 
ration of aldehydes as signaling agents and 
the nexus between one-carbon metabolism 
and one-carbon signaling. 
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One-carbon metabolism is an essential branch of cellular metabolism that intersects with epigenetic 
regulation. In this work, we show how formaldehyde (FA), a one-carbon unit derived from both 
endogenous sources and environmental exposure, regulates one-carbon metabolism by inhibiting 
the biosynthesis of S-adenosylmethionine (SAM), the major methyl donor in cells. FA reacts 

with privileged, hyperreactive cysteine sites in the proteome, including Cys120 in S-adenosylmethionine 
synthase isoform type-1 (MAT1A). FA exposure inhibited MATIA activity and decreased 

SAM production with MAT-isoform specificity. A genetic mouse model of chronic FA overload 
showed a decrease n SAM and in methylation on selected histones and genes. Epigenetic and 
transcriptional regulation of Matla and related genes function as compensatory mechanisms for 
FA-dependent SAM depletion, revealing a biochemical feedback cycle between FA and SAM 


one-carbon units. 


he one-carbon cycle is central to cell func- 
tion, in which activation of one-carbon 
units is used for nucleotide and amino 
acid biosynthesis and epigenetic reg- 
ulation (J, 2). The one-carbon unit S- 
adenosylmethionine (SAM) is a ubiquitous 
cosubstrate and key methyl donor for trans- 
methylation reactions that underlie one- 
carbon metabolic (3) and epigenetic processes 
(4), including modulating mTORC1 signaling 
for methionine sensing and cellular growth 
(5). Misregulation of SAM biosynthesis and 
metabolism is observed in diseases such as 
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nonalcoholic fatty liver disease (6) and can- 
cers (I, 3, 7). 

Another one-carbon unit of emerging im- 
portance is formaldehyde (FA) (8, 9). In ad- 
dition to the role of FA as an environmental 
carcinogen, FA is endogenously produced 
through biological pathways, including enzy- 
matic serine cleavage (3), oxidative folate deg- 
radation (10), and oxidative demethylation 
(11, 12). Previously, activity-based sensing probes 
have shown the substantial generation of endog- 
enous FA (13-17) with high relative abundance 
compared with other reactive carbon species 
such as aldehydes (18), in which the FA basal 
level in blood is 50 uM and can exceed 500 uM 
in disease states (19, 20). FA is detoxified by a 
two-tier mechanism involving the enzyme alco- 
hol dehydrogenase 5 (ADH5) for FA removal 
and the Fanconi anemia pathway for FA-induced 
DNA crosslinking repair, where loss of FA 
scavenging promotes carcinogenesis (21, 22). 
In this work, we report the discovery of a bio- 
chemical feedback cycle between FA and SAM 
one-carbon units. Specifically, we identified 
FA dose-dependent inhibition of SAM produc- 
tion through targeting S-adenosylmethionine 
synthase isoform type-1 (MAT1A), the terminal 
enzyme in SAM biosynthesis, at a privileged, 
isoform-specific Cys120, to decrease the overall 
methylation potential of the cell. Contrary to 
the conventional view of FA as a promiscuous 
electrophile, this work reveals that this one- 
carbon signal can participate in site-specific post- 
translational modifications to enable broader 
biochemical regulation of central metabolic 
functions in the cell. 
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Results 

Activity-based protein profiling 
chemoproteomics reveals privileged, 
FA-sensitive cysteine targets in 
one-carbon metabolism 


Motivated by in vitro observations that FA 
reacts with cysteine residues on peptides to 
form hemithioacetal and thiazolidine adducts 
(23, 24), and related reactive electrophilic spe- 
cies emerging as key players in redox signaling 
and stress pathways (/8), we sought to identify 
FA-sensitive targets across the proteome in an 
unbiased, high-throughput manner. We applied 
the isotopic tandem orthogonal proteolysis- 
activity-based protein profiling (isoTOP-ABPP) 
platform (25) to mouse liver lysates exposed 
to 500 uM of FA—close to disease-level con- 
centrations (20)—or vehicle control. By using 
the cysteine-reactive iodoacetamide (IA)-alkyne 
probe followed by copper-catalyzed azide-alkyne 
cycloaddition (CuAAC) to enable attachment 
of either light (vehicle-treated) or heavy (FA- 
treated) isotopically labeled Tobacco Etch Virus 
(TEV) protease-cleavable biotin enrichment tags 
(fig. S1) (26), liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) analysis afforded 
quantified ratios of light- versus heavy-modified 
peptides. Sites with higher incorporation of 
JA-alkyne on vehicle-treated light versus FA- 
treated heavy labels indicated higher FA reac- 
tivity at specific cysteine residues of identified 
protein targets (Fig. 1A). 

Proteomic ratio analyses produced a list of 
576 probe-modified peptides with an isotopic 
ratio greater than 3, equivalent to a log, ratio 
greater than 1.58 (Fig. 1B and table S1). In con- 
trast to the conventional view of FA as an in- 
discriminate electrophile, the data revealed 
privileged FA-sensitive cysteine sites, similar to 
other reactive species such as hydrogen perox- 
ide, nitric oxide, and methylglyoxal (27, 28), 
and provides foundational information on 
FA-cysteine reactivity across the proteome in 
a systematic manner. Notably, modified cys- 
teines were found enriched in protein fami- 
lies spanning FA-dependent pathways (e.g., 
carbon metabolism and glutathione) and one- 
carbon metabolism (e.g., one-carbon amino acids 
and folate) rather than demonstrating proteome- 
wide, indiscriminate reactivity (Fig. 1C). Included 
are targets such as a key enzyme in FA de- 
toxification, alcohol dehydrogenase 5 (class IIT) 
(ADH5) (2); a known regulator of methyl unit 
balance through the biosynthesis of sarcosine 
from glycine, glycine-Nv-methyltransferase (GNMT) 
(29); and serine hydroxymethyltransferases 
1 and 2 (SHMTI1 and SHMT2) that regulate 
serine and glycine pools in the folate cycle. Ad- 
ditional targets identified in amino acid me- 
tabolism, methyl transfer and transsulfuration 
chemistry, and carbohydrate metabolism point 
to the specificity with which FA engages enzymes 
known to regulate methyl units and the one- 
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Fig. 1. isoTOP-ABPP identifies privileged, FA-sensitive cysteine sites across 
the proteome. (A) Workflow for isoTOP-ABPP analysis of FA-sensitive cysteine 
sites applied to whole proteomes. Mouse liver lysate was treated with vehicle or 
FA, followed by IA-alkyne cysteine activity-based probe, labeling of isotopic tags 
with CuAAC, downstream digestion, and subsequent analysis of peptide 
fragments with LC-MS/MS. (B) Waterfall plot of light to heavy ratios of FA- 
sensitive cysteine sites from isoTOP-ABPP (yellow), revealing a pattern of 
privileged targets for this one-carbon unit. Important enzymes 
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carbon cycle in a variety of cellular contexts. Of 
particular interest is MATIA, a key enzyme in 
SAM biosynthesis that regulates the flux of 
transmethylation reactions. Out of the 10 total 
cysteine residues in MATIA, isoTOP-ABPP anal- 
ysis identified three specific ones that were hyper- 
reactive toward FA: mouse MATIA Cys105, 
Cys121, and Cys150, with ratios of 3.45, 3.40, 
and 4.54, respectively. 


FA makes covalent adducts with MATIA 


We next sought to directly identify sites of 
FA modification on human MAT1A through 
mass spectrometry. We treated purified MATIA 
protein with excess FA (5 mM) for 4 hours at 
37°C and then digested overnight into pep- 
tides. When added in large excess, FA forms 
modifications on arginine, lysine, tryptophan, 
histidine, and cysteine in simple in vitro con- 
texts of model peptides and free amino acids 
(23, 24). However, LC-MS/MS quantification 
of MATIA modified peptides and an unbiased 
mass search revealed limited FA reactivity with 
nucleophilic amino acid residues beyond cys- 
teine (Fig. 2A). Only the three hyperreactive 
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cysteine residues identified by isoTOP-ABPP 
(human Cys104, Cys120, and Cys149, analo- 
gous to mouse Cys105, Cys121, and Cys150) 
were modified by excess FA in vitro, along with 
a fourth solvent-accessible cysteine residue 
(human Cys376), indicating high selectivity 
of FA toward these privileged cysteine sites 
compared with other nucleophilic amino acids 
(Fig. 2, B to E). Modification of Cys104 indi- 
cated a mass-to-charge ratio (m/z) change of 
+12 Da, corresponding to nucleophilic addition 
to FA by the cysteine thiol to form a hemithio- 
acetal, and cyclization to form a thiazolidine (fig. 
$2) (24). By contrast, Cys120 (fig. $3), Cys149 
(fig. $4), and Cys376 (fig. S5) showed an m/z 
change of +30 Da, corresponding to a hemi- 
thioacetal modification (24). The labeling pat- 
tern observed in vitro with purified protein 
further establishes that FA is not a global, in- 
discriminate electrophile and validates the 
isoTOP-ABPP chemoproteomics method in 
identifying privileged cysteine sites that are 
selective to FA. 

To determine if modification was selective 
for FA over other aldehydes, we performed the 
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modification identification on purified MATIA 
with excess acetaldehyde (5 mM) (30). Quan- 
tification of the same peptide coverage as with 
FA revealed no discernable modifications of 
any amino acid residue with acetaldehyde. 
The lack of acetaldehyde modification is sup- 
ported by data that shows that FA reacts the 
fastest and forms the most stable product with 
cysteine compared with other carbonyl com- 
pounds (24), which supports the specificity 
of FA as a privileged electrophile for protein 
posttranslational modifications. 

Attempts to characterize covalent FA-MATIA 
modifications by protein crystallography have 
not yet been successful, in part because of the 
susceptibility of FA adducts to long-term hydro- 
lysis (24). We were able to obtain a crystal struc- 
ture of MATIA at 2.00-A resolution, which 
revealed SAM bound in the active site along 
with additional cofactors not mapped in previ- 
ous structures (37), including imidotriphos- 
phate (PPNP), Mg”* ions, and K* ions. Cys120 
lies closest in proximity to the MATIA active 
site, presaging this residue as the functional site 
of FA reactivity (Fig. 2F, fig. S6, and table S2). 
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Fig. 2. FA forms site-specific covalent cysteine modifications on MATIA. 


(A) Workflow for the identification of FA-dependent 
purified MAT1A protein in vitro. AspN, endoproteinas 


Asp residues. (B to E) Representative MS/MS spectra of FA modification of (B) 
Cys104, (C) Cys120, (D) Cys149, and (E) Cys376 upon fragmentation and sequencing 


Additionally, previous studies have reported 
Cys120 as a target of hydrogen peroxide and 
nitric oxide inhibition of rat MATIA (32-34). 


FA inhibits MATIA but not MAT2A activity in 
vitro at Cys120 


To characterize the biochemical effects of 
FA-modified cysteine sites on MATIA and 
establish the role of FA in SAM biosynthesis, 
we investigated the effects of FA on the activ- 
ity of both MAT1A and MAT2A isoforms. 
Notably, an isoform switch from MATIA to 
MAT2A occurs during hepatocellular carcino- 
genesis, resulting in intracellular SAM deple- 
tion in tumor environments (35, 36). The 
cancer-dependent isoform switch, coupled 
with the high product inhibition by SAM for 
MAT2A compared with MATIA, makes MAT2A 
a promising therapeutic target for blocking 
tumor growth by increasing the bioavailability 
of SAM (37). 
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covalent modifications on 
e that cleaves N-terminal to 


We purified catalytically active forms of 
MATIA (tetramer) and MAT2A (dimer). SAM 
biosynthesis occurs through three genes (MATIA, 
MAT2A, and MAT2B) encoding MAT enzymes, 
which catalyze the nucleophilic addition of 
L-methionine to adenosine triphosphate (ATP) 
(38). MATIA encodes for expression of tetramer 
(MATA) and homodimer (MATIID, which are 
primarily expressed in healthy liver tissue, 
whereas MAT2A and MAT2B encode for ex- 
pression of MAT2A and MATS regulatory sub- 
unit, respectively, which are expressed in all 
other cell types, fetal liver tissue, and liver 
cancer (38). Although MATIA and MAT2A share 
high sequence homology (84%) (39), they differ 
in substrate affinity and product inhibition, 
which affects their levels of SAM production 
(supplementary text) (40, 41). 

To determine a physiologically relevant range 
of FA concentrations, we measured basal FA 
levels in HepG2 cells using a ratiometric fluo- 
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to generate b (blue) and y (red) ions to indicate a (B) thiazolidine (Am/z = +12.00) 
and (C to E) hemithioacetal (Am/z = +30.01) modifications, respectively. (F) Crystal 
structure showing the position of all four identified cysteine residues relative to 
the SAM-bound active site of MATIA. The angstrom distance between each 

cysteine residue and SAM are noted. SAM and PPNP, substitute for ATP, are labeled. 


rescent probe previously developed in our labo- 
ratory, RFAP-1 (76). Standard addition from 
exogenously added FA allowed us to obtain a 
cellular FA concentration of 49 + 10 uM in 
HepG2 (Fig. 3A) comparable to reported mea- 
surements (19, 20, 22, 42). To probe the effects 
of FA on MATIA activity, we performed kinetic 
enzyme assays to monitor SAM production 
in vitro using triple quadrupole (QqQ) mass 
spectrometry (37). Enzymatic activity of MAT1A 
decreased 44% in response to 100 uM FA and 
60% in response to 500 uM FA (Fig. 3B). By 
contrast, MAT2<A retained full catalytic activity in 
the presence of even large excess of FA at 100 and 
500 uM (Fig. 3B). FA thus selectively inhibits 
MATIA activity in an isoform-specific manner. 

Cys104 and Cys149 are common to both 
MAT isoforms, whereas Cys120 and Cys376 are 
present only in MATIA. To identify which of 
the cysteine residues imparts sensitivity to 
FA-dependent catalytic activity inhibition, we 
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Fig. 3. FA inhibits SAM biosynthesis of MAT1A at Cys120 on purified 
protein in a dose- and isoform-dependent manner, lowering levels of SAM 
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kinetic analysis and Ky values are reported in table S3. Error bars represent 
SD (n = 3 or 4) of independent protein aliquots. (D) Measurements of SAE levels 
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purified MATIA C120S and MATIA C376S mu- 
tants. MATIA C120S activity displayed no 
significant reduction in activity in the presence 
of 100 and 500 uM FA (Fig. 3B), indicating a 
functional role of Cys120 in FA-sensitivity. By 
contrast, MAT1A C376S activity displayed 
comparable activity to that of wild-type (WT) 
MATIA with 58% inhibition from 100 uM FA 
and 68% inhibition from 500 uM FA (Fig. 3B). 
A MAT2A G120C mutant was created and ana- 
lyzed with no significant reduction in activity 
with 100 uM FA and slightly decreased activ- 
ity with 500 uM FA (fig. S7A), indicating that 
additional factors around the Gly120 residue 
(fig. S7B) (39) may drive the role of FA modifi- 
cation in MAT2A. 

We analyzed MATIA activity at lower FA con- 
centrations, and even 10 1M FA was sufficient to 
reduce the apparent catalytic rate constant 
(Keat) by 22%, with treatments of 25 and 100 uM 
FA further reducing ka, by 59% and 88%, re- 
spectively, showing dose-dependent MATI1A 
inhibition in a physiologically relevant 10 to 
100 uM range (Fig. 3C, fig. S7C, and table S3). 
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FA treatments also reduced substrate binding 
affinity as reflected by increasing Michaelis 
constant (Kj,) values for FA (fig. S7C and table 
$3), though to a lesser extent, which shows that 
MATIA inhibition by FA is largely k,, driven. 
We also assessed the selectivity of FA for MATIA 
inhibition over hydrogen peroxide (H,O,), nitric 
oxide (NO), and acetaldehyde. There was only 
modest inhibition of MATIA upon treatment 
with 100 uM H,O, (12% reduction) and 100 uM 
NO (31% reduction) (Fig. 3C, fig. S7D, and table 
$3) at concentrations that represent a large 
excess of these species, typically found in the 
nanomolar range (J8). We also did not observe 
significant change in %,., with 100 uM acetalde- 
hyde (fig. S7, E and F, and table S3), showing 
that MATIA inhibition is FA selective. 


MATIA-positive, but not MAT2A-positive cells, 
respond to FA by decreasing cellular SAM 
biosynthesis 


To evaluate the effects of FA-dependent 
inhibition of MATIA activity in a cellular con- 
text, we used CRISPR-Cas9-mediated knockout 
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of MATIA and MAT2A in hepatoblastoma- 
derived HepG2 cells. HepG2 cells endogenously 
express both MAT1A and MAT2A, making 
them ideally suited to create a pair of matched 
cellular models that express only MATIA or 
MAT2A. We successfully created two such cell 
lines: MAT2A knockout (KO) HepG2 cells ex- 
pressing only MATIA (MAT1A-positive) and 
MATIA KO HepG2 cells expressing only MAT2A 
(MAT2<A-positive) (fig. S8A). 

Based on the collective data from proteo- 
mics and biochemical experiments, we rea- 
soned that FA-dependent inhibition of MAT1A 
would result in a decrease in cellular SAM 
levels and methylation of downstream targets, 
whereas the methylation potential of MAT2A- 
dependent cells would be insensitive to FA. To 
test this hypothesis, we measured levels of 
SAM production for MAT activity in response 
to varying doses of FA. We applied ethionine 
supplementation as a MAT substrate to create 
the more stable cellular product S-adenosyle- 
thionine (SAE) (37), which cannot be used by 
downstream methyltransferases, resulting in 
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an intracellular buildup of SAE that could be 
quantified through mass spectrometry. Cells 
were also incubated in a one-carbon restric- 
tion (ICR) media lacking serine, glycine, and 
methionine, which resulted in depletion of 
methyl units (43). After validating the use of 
SAE and ICR (fig. S8B), results showed a dose- 
dependent decrease in SAE production in 
MATIA-positive cells in response to 0, 200, and 
400 uM FA and no change in SAE produc- 
tion in MAT2A-positive cells (Fig. 3D), con- 
firming that MAT2A activity is not sensitive 
to FA. To determine the biological relevance 
of MATIA inhibition on SAM levels, we de- 
termined a SAM to S-adenosylhomocysteine 
(SAH) ratio of 23.1 in MATIA-positive cells com- 
pared with a ratio of 20.5 in MAT1A-positive 
cells with 200 uM FA, 18.4 in HepG2 WT cells, 
and 7.6 in MAT2A-positive cells (fig. S8B), 
showing that even when compensatory mech- 
anisms and one-carbon units are available, 
inhibition by FA and the more extreme full 
knockout of MATIA resulted in a decrease in 
cellular SAM. 


Genetic mouse models of chronic FA overload 
show deficiencies in MAT1A-dependent SAM 
production and methylation on 

privileged targets 


The collective data identify a reciprocal feedback 
cycle in which FA exposure and elevation 
inhibits SAM biosynthesis in a dose-dependent 
and isoform-specific manner. Given that FA- 
related diseases arise from chronic rather than 
acute exposure (44-47), we sought to test this 
model in vivo to help decipher the physiolog- 
ical relationships between FA and SAM pools 
and their effects on downstream methylation 
pathways (Fig. 4A). We investigated a previous- 
ly developed Adh5 /- mouse that has been used 
as a model of chronic FA stress (supplementary 
text) (10, 48, 49). AdhS ‘“ mice were determined 
to have elevated FA and N?-hydroxymethyl- 
deoxyguanosine, a major FA adduct on DNA 
(50), compared with their WT counterparts 
(10, 21, 22). FA is detoxified through two 
clearance mechanisms that rely on ADH5 
and ALDH2; the double-KO mice were visi- 
bly smaller than individual-KO mice, and 
the rare survivors did not live longer than 
47 weeks (22). 

We first assessed the ratio of SAM to SAH as 
a measure of cellular methylation potential (57), 
hypothesizing that FA-dependent inhibition 
of MATIA would result in a decreased SAM/ 
SAH ratio in Adh5~ mice liver compared with 
WT. Metabolomic data quantifying extracted 
metabolites indeed showed a significant de- 
crease in SAM in Adh5“" liver compared with 
WT with no change in SAH (Fig. 4B). We next 
examined if lowered SAM/SAH ratios would 
be reflected in inhibition of SAM-dependent 
methylation of DNA and mRNA. However, quan- 
tification of 5-methyldeoxycytidine (5mC) as a 
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measure of global DNA methylation (Fig. 4C) 
and N° -methyladenosine (m6A) as a measure 
of global mRNA methylation (Fig. 4D) by mass 
spectrometry displayed no significant changes 
between WT and Adh5~ mice liver samples. 
These results aligned with previous observa- 
tions that Adh5~ mice are physiologically com- 
parable to their WT counterparts and may be 
able to sustain methylation through compensa- 
tory aldehyde dehydrogenase activity (22). In 
addition to DNA and mRNA, we also examined 
histone methylation with particular interest in 
monitoring mono-, di-, and trimethylation of 
H3K4, K36, and K79 histones that were re- 
ported as methyl sinks (52) associated with 
transcriptional activation, elongation (53), and 
chromatin structure (54). Indeed, we observed 
that in histones purified from Adh5- ’- mice 
liver, K4 and K79 showed statistically signif- 
icant decreases in methylation in mono- and 
dimethylation (Fig. 4E and fig. S9, A and C). By 
contrast, K9, K27, and K36 methylation and 
K27 acetylation were not found to be signi- 
ficantly changed in Adh5 ‘ histones (Fig. 4F 
and fig. S9, B and C). The data are in line with 
the highly prioritized and compartmentalized 
nature of one-carbon metabolism pathways (4), 
showing privileged specificity for certain methyl 
sinks that are affected by chronic elevations 
in cytosolic FA pools despite a global decrease 
in SAM. 


FA-inhibited SAM production leads 

to isoform-specific compensatory increased 
MATIA expression through genetic and 
epigenetic mechanisms 


During periods of chronic liver stress, such as 
in hepatocellular carcinoma, an isoform switch 
from MATIA to MAT2A leads to an overall 
reduction in basal levels of SAM production 
(36, 37). As such, we sought to test how chronic 
FA elevations in the genetic Adh5" ‘- mouse 
model may influence overall MAT expression 
to compensate for the sustained loss of MATIA 
activity (Fig. 5A). We first measured MATIA 
and MAT2A protein expression levels in AdhS5 it 
mice liver lysate; immunoblotting showed that 
protein expression for MATIA was elevated 
2.8-fold in Adh5“~ liver over WT, but MAT2A 
expression was not significantly changed (Fig. 
5B and fig. SIOA). Therefore, in this in vivo 
context, SAM deficiency caused by chronic FA 
overload is indeed a result of inhibition of MATIA 
activity rather than an isoform switch to MAT2A, 
with the observed increase in MAT1A expres- 
sion as a potential compensatory mechanism 
to combat this deficiency. 

To decipher the mechanism by which MATIA 
expression was altered by chronic FA elevation, 
we quantified the normalized expression change 
of mRNA transcripts for Adh5 iP compared with 
that of WT. We found that the trends for both 
Matla and Mat2a mRNA levels paralleled the 
trends in protein expression (Fig. 5C), indicating 
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that compensation is mediated at the transcrip- 
tional level. In this context, the MAT1A-to- 
MAT2A expression switch has been reported 
to be regulated by DNA methylation, where 
hypo- or unmethylated MAT1A and MAT2A 
promoters are known to induce expression 
of the respective isoform (40, 55, 56). To inves- 
tigate methylation of Matia and Mat?2a sites, 
targeted next-generation bisulfite sequencing 
was analyzed in the mouse Matia and Mai2a 
promoters and gene bodies to identify changes 
in methylation that potentially regulate en- 
zyme expression (57-59). We observed select 
CpG sites in the Matia promoter that showed 
reduced methylation in Adh5‘ I compared 
with that of WT liver (Fig. 5D). The observed 
decreases in methylation of the Matla pro- 
moter with concomitant increases in mRNA 
transcripts and protein expression are in line 
with reports that show that hypomethylation : 
of the Matia promoter results in an increase 
in expression (55, 56). By contrast, we did not 
observe FA-dependent methylation changes 
of CpG sites in Mat2a (Fig. 5E). These results 
support the model that SAM deficiency upon 
FA overload is regulated by MAT1A activity 
in an isoform-specific manner, with DNA hypo- 
methylation as one of the potential compensa- 
tory mechanisms that elevate MAT1A expression 
and thus help maintain SAM levels in response 
to this deficiency. 

To further support whether the observed 
changes in Matla-promoter CpG methylation 
and MATIA expression were direct conse- 
quences of elevated FA levels, rather than dis- 
ruptions from formate and other one-carbon 
metabolite sources upon Adh5 ‘ 7 ~, we used cell 
models with acute FA treatment to monitor 
CpG methylation and MATIA and MAT2A 
expression. We exposed HepG2 cells to 200 uM 
FA and analyzed CpG methylation and protein 
expression at 2- to 10-hour timepoints relative 
to a 10-hour vehicle control. Similar to what 
was observed in the Adh5~" mouse model, we 
observed an increase in MATIA expression 
(0.047-fold change per hour) and mRNA tran- 
scripts (0.026-fold change per hour) over time, 
but MAT2<A expression and transcripts remained 
largely unchanged (fig. SIOB and fig. S11, A and 
B). Asimilar experiment with 5-mM SAM supple- 
mentation displayed no significant change in 
MATIA expression (fig. S11, C and D), suggest- 
ing that the increase in MATIA expression from 
FA treatment is SAM-dependent. Analysis of 
targeted bisulfite sequencing of CpG sites with 
higher than 2% methylation revealed that, aside 
from CpG number -15, the assayed MATIA 
CpG sites were either unchanged or had a neg- 
ative rate of methylation percent change per 
hour over the 10-hour FA treatment; that of 
MATA2A sites instead increased over time (fig. 
S11, E and F). Together, the cell and mouse 
model data are consistent with FA overload 
triggering a compensatory, isoform-specific 
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Fig. 4. Genetic mouse model of chronic FA overload has reduced methyla- 
tion potential that specifically targets histone methyl sinks. (A) Schematic 
of SAM and its downstream methylation that were measured in WT and Adh5-/~ 
mice liver. (B) SAM and SAH measured by mass spectrometry in WT and 
Adh5~’~ liver. (C) Global DNA methylation measured by 5mC and normalized 
by deoxycytidine (dC). (D) Global RNA methylation measured by m6A and normalized 


by adenosine (A). (E) Histone H3 methylation measured by immunoblotting for K4 and 
K79 mono- (mel), di- (me2), and trimethylation (me3). (F) Histone H3 methylation 
measured by immunoblotting for K9, K27, and K36 mono-, di-, and trimethylation, 
and K27 acetylation (ac). All histone blots were normalized by total histone H3. WT 
(n = 5: yellow) and Adh5-’~ (n = 6; orange) of biological replicates. Error bars 
represent SD for all graphs. Statistical significance was determined with two-tailed t test. 


increase in MATIA expression through genetic 
and epigenetic regulation mechanisms. 


Chronic FA elevation alters genome-wide 
methylation and transcriptional regulation 


We next explored effects of chronic FA ele- 
vation on genome-wide gene regulation. Indeed, 
in this context it has been shown that SAM 
treatment in HepG2 cells leads to differential 
hypo- and hypermethylation of select DNA 
CpG sites (60). As such, we performed genome- 


from Adhd? mice compared with those of WT 
controls. Matia and Mat2a CpG DNA methyla- 
tion were analyzed in the genome-wide dataset 
to support the results from the targeted bi- 
sulfite sequencing. We observed a trend of 
hypomethylation in Adh5 I samples in four of 
the six analyzed Matla CpG sites (Fig. 5F). No 
change was observed for the five CpG sites for 
Mat2a (fig. S12A). Similar to a previous report on 
SAM-dependent DNA methylation changes (60), 
we observed both hypo- and hypermethyla- 


wide CpG methylation analysis in liver samples 
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tion of CpG sites in Adh5~ I compared with 
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those of WT (Fig. 5G, fig. S12B, and table S4). 
Pathway analysis showed that there was sel- 
ective hypomethylation of CpGs present in 
metabolic genes involved in alcoholic liver disease 
and fatty acid metabolism and affecting genes 
containing the binding-site motifs of c-Myc, ZF5, 
and E2F1 in. Adh5“ mice (Fig. 5H and fig. S12C). 
In addition, a gain of methylation was observed 
in genes involved in propanoate metabolism 
and in oxidoreductase activity on alcohol group 
of donors (Fig. 5I and fig. S12D). The genes 
containing binding-site motifs for FOXO3a 
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0 or 200 uM FA and 5 mM SAM treatments. Data are normalized to untreated 
control. 0 and 200 uM FA treatment (n = 14) technical cell replicates from 
four experiments, FA with SAM treatment (n = 7) technical cell replicates from 
two experiments, and unmethylated promoter (n = 13) technical cell replicates 
from four experiments. (L) Luciferase assay of HepG2 siRNA-mediated TF 
knockdown with human MATIA methylated promoter with 0 or 200 uM FA. Data 
are normalized to each untreated control. HepG2 (n = 7 to 9) of technical cell 
replicates from two experiments. (M) Expression of several MAT1A-associated 
TFs in WT (n = 8) versus Adh5-’~ (n = 7) of biological replicates. Error bars 


presented a significant gain of methylation in 
Adhs! compared with WT. Remarkably, most 
of the genes showing loss or gain of methylation 
are involved in metabolic pathways, which sug- 
gests that FA might drive a metabolic reprogram- 
ming through selectively altering CpG methylation. 
The expression of genes controlled by c-Myc 
or FOXO8a might be significantly altered by 
endogenous FA. Subsequently, analysis of tran- 
scription factor (TF) binding profiles with the 
JASPAR database (67) revealed 10 TF binding 
profiles with significant enrichment (P < 0.01) 
among the hypomethylated CpG sites and 37 
TF binding profiles among the hypermethy- 
lated CpG sites (fig. S13, A and B, and table S5). 
Focusing on CpG sites located within promoter 
regions identified two TF binding profiles 
(CEBPB and NFIX) for CpG hypomethylation 
and three TF binding profiles (ZNF707, PAX3, 
and FOSB:JUNB) for CpG hypermethylation 
(fig. S13, C and D, and table S5), exhibiting 
TFs with potential key roles in FA-dependent 
gene regulation. 

To provide functional support for the effect 
of FA on MATIA expression through regulation 
of the MATIA promoter (Fig. 5J), we performed 
a luciferase assay with a MATIA promoter- 
luciferase plasmid (55). In vitro methylation was 
performed to obtain a pair of fully unmethy- 
lated active and fully methylated inactive MATIA 
plasmids. HepG?2 cells were transfected with 
methylated MATIA promoter-luciferase plas- 
mid and luminescence was measured, with 
the unmethylated MATIA promoter plasmid 
as a positive control for promoter activity. Cells 
treated with 200 uM FA for 10 hours showed a 
1.7-fold-change increase in luciferase activity 
compared with untreated samples (Fig. 5K). The 
observed increase in FA-triggered promoter 
activity was negated by 5 mM SAM, supporting 
the idea that the effect of FA is SAM-dependent. 

Because the changes in Matla promoter 
hypomethylation are modest and alone likely 
do not fully explain the large compensatory 
increase in MATIA expression upon FA expo- 
sure, we investigated other potential regulatory 
mechanisms. To this end, MATIA is known to 
be regulated by several TFs, including but not 
limited to hepatocyte nuclear factor 4-alpha 
(HNF4a), CCAAT/enhancer-binding protein 
alpha (C/EBPa), CCAAT/enhancer-binding 
protein beta (C/EBP§), glucocorticoid recep- 
tor (GR), Myc proto-oncogene protein (c-Myc), 


Pham et al., Science 382, eabp9201 (2023) 


and transcription factor E2F1 (E2F1) (Fig. 5J) 
(40). To determine the potential contributions 
of these TFs on FA-dependent regulation of 
MATIA expression, we applied the luciferase 
MATIA promoter assay after individual knockdown 
of the six TFs or an untargeted control small 
interfering RNA (siRNA) (fig. S14A). Upon 
knockdown of HNF4a, C/EBPo, and C/EBPf§, 
we observed that promoter activity was insen- 
sitive to FA treatment (Fig. 5L), showing that 
these TFs are involved in FA-dependent MATIA 
regulation. C/EBP£ was of particular interest 
as its binding profile was enriched in promoters 
in our TFs analysis (fig. S13C). By contrast, upon 
knockdown of c-Myc, increases in FA-dependent 
promoter activity were comparable to that of 
untargeted siRNA control (Fig. 5, K and L). 

The functional cellular assays are supported 
by immunoblotting data, showing that levels 
of HNF4a, C/EBPo, and C/EBP8 proteins, but 
not c-Myc, are higher in AdhA5 ‘“ mice relative 
to WT (Fig. 5M and fig. S14B). These results are 
in line with reports showing that these TFs can 
positively regulate MATIA expression (57, 62). 
Although its putative binding motif was found 
to be enriched in differentially methylated 
positions in our genome-wide CpG analysis, 
c-Myc expression was unchanged in Adh5~ I 
mice. The TFs GR and E2F1 were also ana- 
lyzed (fig. S14, B to D), but their expression 
increases were not correlated with significance 
in FA-sensitivity, suggesting that more complex 
factors, including localization, binding, and 
activity, are in play. There may also be a dif- 
ference in mechanism between human hepa- 
toblastoma HepG2 cells and normal mice liver, 
as the human and murine MATIA promoters 
differ (Fig. 5J). Together with our data that 
shows MATIA promoter sensitivity to FA with 
these TFs, the observed increases of HNF4a, 
C/EBPa, and C/EBP® expression in the AdhA&S ‘ I 
mouse model of chronic FA elevation estab- 
lish their participation in FA-SAM-dependent 
regulation of MATIA expression. 


Conclusions 

Activity-based protein profiling of FA-reactive 
cysteine residues revealed that FA is not an 
indiscriminate electrophile, but instead serves 
as a regulatory posttranslational modifier that 
can target a privileged class of hyperreactive 
cysteine residues in the proteome. By focusing 
on its contributions in one-carbon metabolism, 
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represent SD for all graphs. Statistical significance was determined with a 
two-tailed t test. (N) Proposed model of normal one-carbon metabolism in cells 
through MAT1A-catalyzed production of SA\ 
preserving the carbon unit through folate-mediated synthesis of methionine. 
(O) Proposed model of FA-dependent regulation of one-carbon metabolism in 
cells under situations of FA overload, showing decrease of SAM biosynthesis 
from isoform-specific FA-inhibition of MATIA (gray arrows), disruption of the 
folate cycle due to hypermethioninemia, and further FA elevation from 
spontaneous folate degradation (dashed red arrows). THF, tetrahydrofolate. 


and demethylation reactions, 


we characterized an isoform-specific inhibition 
of MATIA activity by FA at a key, conserved 
cysteine site. We identified a biochemical feedback 
cycle between two ubiquitous one-carbon units, 
in which FA can regulate the biosynthetic 
production of SAM, the major methyl donor of 
the cell. Using an AdhS" ‘- mouse model of 
chronic FA overload, we established the phy- 
siological significance of this one-carbon cross- : 
talk by observing that FA-dependent inhibition 
of SAM biosynthesis decreases the methylation 
potential of the cell in a highly selective manner, 
despite a global decrease in SAM levels. Specifi- 
cally, we observed methylation changes in 
privileged K4 and K79 histone methylation 
sites as methyl sinks, rather than ubiquitous, 
global changes to DNA, RNA, and histone methyi- 
ation targets. Additionally, we uncovered a com- 
pensatory feedback pathway for FA-dependent 
SAM deficiency, in which chronic and acute FA 
overload result in selective increase in MAT1A 
expression. A FA-MATIA-SAM feedback cy- 
cle is mediated through FA-dependent MATIA 
inhibition and a combination of epigenetic 
regulation by means of altered methylation 
at select transcription-factor binding sites and 
increased expression of select TFs to trigger 
with compensatory up-regulation of MATIA 
expression. 

The collective data support a model where 
in healthy cells, when FA homeostasis is tightly 
maintained, the methyl unit on methionine is 
converted to SAM for use in downstream 
methyltransferase writers that install one-carbon 
posttranslational modifications on proteins, nu- 
cleic acids, and other metabolic substrates (Fig. 
5N) (63). In turn, a number of FA-generating 
demethylase enzyme erasers for these post- 
translational modifications, such as lysine-specific 
demethylase, possess folate binding pockets that 
sequester the released FA into 5,10-methy]l- 
enetetrahydrofolate, which is then converted 
into 5-methyltetrahydrofolate to methylate homo- 
cysteine and produce methionine (64). As 
such, cells achieve a biochemical conservation 
of one-carbon units within the one-carbon cycle 
by balancing SAM biosynthesis and methyl- 
ation or demethylation reactions. In cells with 
elevated levels of FA owing to toxic exposure, 
metabolic imbalances, and/or disease progres- 
sion, dysregulation of carbon units stems from the 
decreased biosynthesis of SAM through MATIA 
regulation and results in hypomethylation of 
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downstream disease targets (Fig. 50). This dys- 
regulation can lead to epigenetic dysregulation 
and genome instability. Indeed, hypermethio- 
ninemia occurs from decreased MATIA activity 
(65), leading to a buildup of tetrahydrofolate 
intermediates that we have previously shown 
to spontaneously degrade to release FA (10). In 
turn, this elevated FA production further in- 
hibits the biosynthesis of SAM, leading to a 
global depletion of one-carbon units in the cell. 
Owing to the universal nature of one-carbon 
metabolism in all organisms and the central 
roles of SAM-dependent biochemical processes 
in the cell, the identification of a molecular 
interplay between one-carbon FA and SAM 
biosynthesis sets the stage for further investi- 
gations of how these reactive carbon species 
contribute to biological function. 


Materials and methods summary 


Full details of this study’s methods are described 
in the supplementary materials. Methods are 
briefly listed here. isoTOP-ABPP and proteo- 
mics data analyses were performed as previ- 
ously described (66) with mouse liver tissue 
lysate and 500-uM FA treatment. Site-directed 
mutagenesis was performed on MATIA and 
MAT2A WT plasmids to obtain MATIA C1208, 
MATIA C3768, and MAT2A G120C mutants. 
His,-tagged MAT proteins were purified for 
biochemical analyses and protein crystallog- 
raphy; the structure was processed and refined 
using HKL2000 (67), Phenix (68), and COOT 
(69). FA modifications on MATIA peptides 
were analyzed by Q Exactive mass spectrometry. 
MAT activity assays were performed with FA 
treatment, addition of methionine and ATP 
substrates, quenching over multiple timepoints, 
and analysis with Enzkin (70) or Prism. CRISPR- 
mediated KO of MATIA and MAT2A was per- 
formed in HepG2 human hepatoblastoma cells 
to demonstrate isoform-specificity of FA treat- 
ment through the measurement of SAE as a 
stable proxy of SAM. To quantify methylation 
potential in HepG2 WT and KO cell lines upon 
FA treatment, SAM and SAH were extracted 
by adapting a previously reported protocol (77). 
Metabolites were measured by triple quad- 
rupole LC-MS. An endogenous elevated FA 
model, Adh5 I mice, was then studied in com- 
parison to WT. Untargeted metabolomics 
was performed by Metabolon in mouse liver 
tissue as previously described (72). 5mC DNA 
methylation in the same cohort of mice as 
Mulderrig et al. (49) and m6A mRNA methyl- 
ation were measured by mass spectrometry. 
Histone methylation was analyzed in purified 
histones by immunoblotting with modification- 
specific antibodies, with specificity insight from 
the histone antibodies database (73). MAT pro- 
tein expression was analyzed by immunoblotting, 
and mRNA transcripts were analyzed by reverse 
transcription quantitative polymerase chain 
reaction (RT-qPCR) and the 24 quantification 
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method (74). CpG DNA methylation was ana- 
lyzed by targeted bisulfite sequencing, and global 
DNA methylation was analyzed with Infinitum 
Mouse Methylation BeadChip Array. Enrich- 
ment of transcription-factor binding profiles 
was analyzed with JASPAR database (67, 75). 
TF siRNA knockdown in HepG2 was per- 
formed and followed by transfection of luci- 
ferase MATIA promoter plasmid, provided by 
the Lu lab (55). Luciferase assay was performed 
to demonstrate the effects of FA on MATIA 
promoter activity. 
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INTRODUCTION: Sexually dimorphic traits are 
widespread among mammals and emerge 
during development through sex-specific gene 
expression programs. We know very little about 
these programs, including the genes, regu- 
latory networks, and cell types that underlie 
them. It is also unclear when differences be- 
tween the sexes emerge during organ devel- 
opment and how sex differences evolve across 
species. 


RATIONALE: To investigate the levels, temporal 
dynamics, and evolution of sex-biased expres- 
sion during organ development, we analyzed 
RNA-sequencing (RNA-seq) time-series data 
from six species (human, mouse, rat, rabbit, 
opossum, and chicken) covering the develop- 
ment of five organs (brain, cerebellum, heart, 
kidney, and liver). Next, we determined the 
cell-type specificity of sex-biased expression and 
its conservation across species by analyzing 
new and existing single-cell RNA-seq datasets. 
Finally, to understand the mechanisms under- 
lying sex differences in gene expression, we ana- 
lyzed existing chromatin immunoprecipitation- 
sequencing datasets to identify the transcription 
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factors responsible for the observed sex-specific 
gene expression programs. 


RESULTS: We found that the levels of sex-biased 
expression varied substantially across organs 
and species. Across mammals, sex-biased ex- 
pression was rare during organ development. 
In organs with high levels of sex-biased ex- 
pression, the differences between the sexes only 
appeared around the time of sexual maturity. 
Sex-biased expression has evolved rapidly at 
the gene level, with only a few sex-biased genes 
conserved among placental mammals. The 
conserved gene set includes long noncoding 
RNAs involved in X chromosome inactivation 
and the X-linked gametologs of ubiquitously 
expressed Y genes. Unexpectedly, we found 
that the evolutionary mechanisms underlying 
this fast evolution differed between organs. In 
some organs, such as the rabbit heart or the 
mouse kidney, evolutionarily old genes have 
quickly evolved sex-biased expression through 
changes in gene regulation. In other organs, 
such as the mouse and rat liver, newly evolved 
genes have driven sex differences, with species 
differences arising through species-specific 
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these genes were species specific, they c..— 
belonged to gene families with sex-related func- 
tions and sex-biased members in multiple spe- 
cies, indicating cross-species conservation at the 
level of gene families. We also found that in or- 
gans with high levels of sex-biased expression, 
sex differences were often limited to specific cell 
types. These cell types were conserved across spe- 
cies in their sexual dimorphism. These results dem- 
onstrate that even though sex-biased expression 
evolves fast at the gene level, it evolves slowly at 
the level of cell types. Finally, we show that sex- 
biased expression results from a combinatorial 
process involving multiple transcription factors 
and can evolve quickly through the gain or loss 
of binding sites for a subset of these genes. 


CONCLUSION: This study investigated sex dif- 
ferences in gene expression throughout the 
development of five organs in six species. We 
found that sex-biased expression varied sub- 
stantially across organs and species and was 
often cell-type specific. Sex differences in gene 
expression were rare during organ development, 
increasing abruptly only around sexual matu- 
rity. Finally, sex-biased expression evolved quickly 
across species between orthologous genes. How- 
ever, the cell types responsible for most sex-biased 
expression were the same across species. 
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Sexually dimorphic traits are common among mammals and are specified during development 
through the deployment of sex-specific genetic programs. Because little is known about these 
programs, we investigated them using a resource of gene expression profiles in males and females 
throughout the development of five organs in five mammals (human, mouse, rat, rabbit, and 
opossum) and a bird (chicken). We found that sex-biased gene expression varied considerably 

across organs and species and was often cell-type specific. Sex differences increased abruptly around 
sexual maturity instead of increasing gradually during organ development. Finally, sex-biased gene 
expression evolved rapidly at the gene level, with differences between organs in the evolutionary 
mechanisms used, but more slowly at the cellular level, with the same cell types being sexually 


dimorphic across species. 


n many vertebrates, sex differences are the 

most extreme phenotypic variation seen 

within species (7). Although some sexu- 

ally dimorphic traits are evident to the 

naked eye (e.g., differences in body size or 
plumage), many are not visible but are no less 
important (e.g., differences in drug clearance 
or immune responses) (2, 3). Sexually dimor- 
phic traits are specified at different points during 
development through sex-specific gene expres- 
sion programs. Males and females are almost 
identical genetically, only differing in their sex 
chromosomes (X and Y in mammals, Z and W 
in birds). Genes on these chromosomes (e.g., 
SRY in mammals and DMR7T1 in birds) initiate 
the sex-determination pathways responsible 
for the differentiation of the gonads into ovary 
or testis (7, 4). Upon sexual differentiation, 
the gonads start producing sex hormones 
(e.g., testosterone and estrogens) that reach 
different parts of the body and bind to their 
receptors on target cells. The hormonal signals 
trigger gene-regulatory cascades that differ 
between males and females, leading to dif- 
ferential gene expression between the sexes 
and the development of sexually dimorphic 
traits (5). In mammals, the development of most 
sexual phenotypes depends on sex hormones 
(6), whereas in birds, although sex hormones 
still play a role, sexual phenotypes are largely 
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cell autonomous, with somatic cells carrying 
an inherent sex identity (7). 

Genes with sexually dimorphic expression 
are called “sex-biased” genes and include those 
expressed exclusively in one sex and those 
expressed in both sexes but at different levels. 
Sex-biased genes are called male biased or fe- 
male biased depending on which sex shows 
the higher expression level. Apart from the 
sex-determination pathways, little is known 
about sex-specific developmental gene expres- 
sion programs. Most studies on sex-biased gene 
expression have focused on adults [e.g., (8-10)], 
when phenotypic sex differences are greatest 
(11). However, some sexually dimorphic pheno- 
types are established early in development 
(12, 13), and it is unclear when the sexual di- 
morphisms observed in adults first emerge. 
Therefore, it is critical to study sex differences 
in a developmental context. 

Across animals as diverse as butterflies, flies, 
and birds, there is a high species turnover of sex- 
biased expression (14-16). Although the same is 
likely true for mammals, the reported extent of 
conservation of sex-biased expression differs 
between studies (8, 17-19). Understanding the 
evolution of sex-biased expression within a 
developmental framework is essential because 
evolutionary and developmental processes are 
strongly intertwined, with species differences 
being usually lower early in organ development 
(20, 21). Here, we used bulk RNA sequencing 
(RNA-seq) time-series datasets to describe the 
extent, temporal dynamics, and conservation of 
sex-biased gene expression across organs and 
species. We then combined these data with 
single-cell RNA-seq (scRNA-seq) and chromatin 
immunoprecipitation-sequencing (ChIP-seq) 
datasets to infer the cellular and molecular 
mechanisms responsible for sexually dimor- 
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phic expression and their evolution across 
mammals. 


Extent of sex-biased expression across 
organs and species 


To study sex-biased expression during organ 
development, we analyzed RNA-seq time-series 
data (20) from six species (human, mouse, rat, 
rabbit, opossum, and chicken) covering the 
development of five organs (brain, cerebellum, 
heart, kidney, and liver) (Fig. 1A). The time 
series spanned from early organogenesis to 
adulthood (7 to 16 stages) with one to three 
replicates per sex per stage, except for human, 
where the time series end shortly after birth, 
often with only one replicate per sex (table S1). 
We identified sex-biased genes using an ap- 
proach that combined information from four 
time-series differential expression algorithms 
that we validated through extensive simulations : 
(22). Because the human time series ended shortly 
after birth, we adopted a different strategy to call 
sex-biased expression in humans. We required 
the set of genes identified as sex biased during 
prenatal development to also be classified as sex 
biased in adults using the Genotype Tissue Ex- 
pression (GTEx) resource (9) (table S7). Therefore, 
the set of human sex-biased genes was composed 
only of genes that differ in adults and started 
differing between the sexes pre- or perinatally. 
By contrast, the sets of sex-biased genes for the 
other species included genes that were differ- 
entially expressed at any point during devel- 
opment (22). The gene expression profiles and 
sex-bias status can be explored interactively at 
https://apps.kaessmannlab.org/sexbiasapp. 

We first examined the levels of sex-biased 
expression in mouse, rat, rabbit, opossum, and 
chicken. We found considerable differences 
between species and organs in the levels of 
sex-biased expression. Chicken had the highest 
percentage of sex-biased genes, with 8% of the 
genes tested being sex biased in at least one 
organ (1337 genes). Across mammals, mouse 
had the highest percentage of sex-biased genes 
(2127, 5.9% of all genes tested), followed by rat 
(1005 genes, 3.9%), with rabbit and opossum 
showing considerably fewer sex-biased genes 
(287 and 200 genes, respectively, ~1%). The 
lower number of sex-biased genes in opossum 
is at least partly a consequence of the lower 
sensitivity of our approach in this species (fig. 
S1C) (22). Within each species, the number of 
sex-biased genes varied extensively across organs 
(Fig. 1B). For example, in mouse, only 15 genes 
were sex biased in the brain, whereas 1891 
genes were sex biased in the kidney. The organs 
with the most sexually dimorphic transcrip- 
tomes differed between species: kidney in mouse 
and rat, heart in rabbit, liver in opossum, and 
brain in chicken (Fig. 1B). 

Most genes were sex biased in a single organ, 
as previously observed (8-10) (Fig. 1C). How- 
ever, these genes tended to be expressed in 
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Fig. 1. Extent and onset of sex-biased gene expression. (A) Summary of the 
dataset. (B) Number of sex-biased genes by species and organ. Spotted pattern 
indicates genes located on sex chromosomes, X or Y in mammals (for rat, rabbit, 
and opossum, these only include X-linked genes because Y-linked genes were 
not present in the assemblies) and W or Z in chicken. (©) Number of sex-biased 
genes and chromosomal location as a function of the number of organs in 
which genes were sex biased. (D) Examples of genes belonging to each of the 
onset classes, RPLI7 in chicken brain, Pagrla in mouse liver, and LUCZL in 
rabbit heart. CPM, counts per million. (E) Percentage of sex-biased genes 
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belonging to each of the onset classes: always sex-biased (Always SB), 
sex-biased pre-sexual maturity (Pre SM), or sex-biased post-sexual maturity 
(Post SM). Depending on the species, 0.001 to 0.03% of genes were not 
assigned to any of the three categories and are not shown in the plot (22). 
Shown is the total number of sex-biased genes per organ and species inside 
each pie plot. (F) Enriched biological processes among genes that become 
sex biased after sexual maturity in rat kidney and opossum liver (n = 688 in 
rat and n = 75 in opossum; Benjamini-Hochberg adjusted P < 0.05, 
hypergeometric test). 
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multiple organs, with only a minority of genes 
that were sex biased in one organ (~3 to 9% 
across species) being specifically expressed in 
that organ [organ-specificity index (t) > 0.8]. 
In mammals, only a few genes were sex biased 
across multiple organs, and these were strongly 
enriched for genes on the sex chromosomes. Al- 
though genes on sex chromosomes contributed 
to ~3 to 7% of organ-specific sex-biased genes 
(consistent with ~2 to 10% of genes in each spe- 
cies being on sex chromosomes), they made up 
~60 to 90% of genes that were sex biased across 
all organs (P < 0.01 in all species, X” test; Fig. 1C). 
This latter category included Y-linked genes, long 
noncoding RNAs involved in X chromosome 
inactivation (e.g., XTST in placental mammals 
and RSX in opossum), X-linked genes that es- 
caped X chromosome inactivation, and a small 
number of autosomal genes (e.g., Uba5 in mouse) 
(tables $2 to S7) (22). In contrast to mammals, 
in chicken, hundreds of genes were sex biased 
across multiple organs. Most of these genes 
are on the Z chromosome and reflect the lack 
of a global dosage compensation mechanism 
(23). Because males have two Z chromosomes 
and females only one, most Z-linked genes show 
consistent higher expression in males than in 
females across multiple organs (461 genes; fig. 
$2). In all species, genes that are sex biased 
across multiple organs predominantly have the 
same direction of bias (male or female bias) 
across organs (from 78% of multiorgan sex- 
biased genes in rat to 100% in opossum). 


Onset of sex-biased expression 


Because sexually dimorphic phenotypes are 
most noticeable in adults, we expected adults 
to show the highest levels of sex-biased ex- 
pression (11). However, it is unkown how much 
sex-biased expression exists during organ devel- 
opment and when the onset of the sex differ- 
ences observed in adults occurs. To answer these 
questions, we determined the onset of sexually 
dimorphic expression for each sex-biased gene 
using soft clustering (22, 24) (tables S8 to S13). 
We consistently found three classes of sex-biased 
genes: (i) genes sex biased across all develop- 
mental stages, (ii) genes sex biased before sex- 
ual maturity, and (iii) genes that become sex 
biased around or after sexual maturity (Fig. 1D). 

In mammals, most genes became sex biased 
around or after sexual maturity (69 to 95% of 
sex-biased genes, depending on the species) 
(Fig. 1E). These genes were enriched among 
functions specific to each organ (Fig. 1F and 
fig. S3, B to D), including detoxification in the 
mouse, rat, and opossum liver and transport of 
small molecules in the mouse and rat kidney. 
These enrichments implicate sex-biased genes 
in the specific physiological processes executed 
by each organ and may underlie known sex dif- 
ferences in these processes (25-27). 

A considerably smaller fraction of genes 
showed differences before sexual maturity 
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(2 to 23% of all sex-biased genes) (Fig. 1E). 
Among these were genes that started to differ 
between the sexes before sexual maturity and 
continued to do so in adults (8 genes in 
mouse liver, 7 genes in rat heart, 14 genes in 
rabbit brain, and 23 genes in rabbit heart); 
genes that differed across several time points 
but were similarly expressed between the sexes 
in adults (8 genes in opossum brain and 130 
genes in rat kidney); and genes that were sex 
biased only during early development (31 genes 
in mouse liver, 8 genes in rat liver, 31 genes 
in rabbit heart, and 1 gene in rabbit liver). 
Many of the mouse genes that were sex biased 
before sexual maturity were associated with 
sexually dimorphic phenotypes (table S14). 
The International Mouse Phenotyping Con- 
sortium (IMPC) (28) generated single-gene 
knockout lines for 10 of the 39 mouse genes 
with early onset of sex-biased expression, and 
five showed sexually dimorphic phenotypes 
(50 versus 14% of sexually dimorphic pheno- 
types among a total of 8619 knockouts, P < 0.01, 
X? test). Knockout of Ndrg4, a sex-biased gene 
in the liver, leads to increased levels of circulating 
creatinine and blood urea nitrogen in females 
but not in males (28). Similarly, males without 
a functional Casq1 (sex biased in the liver) 
show abnormal cholesterol homeostasis, 
whereas females do not (28). 

Finally, in mammals, some genes were sex 
biased across all developmental stages (3 to 
25% of sex-biased genes) (Fig. IE). These genes 
were also sex biased across multiple organs 
and were predominantly located on the sex 
chromosomes (P < 0.01, X” test). Therefore, 
there is a set of genes that are sex linked and 
sex biased throughout the entire development 
of multiple organs. This set includes Y-linked 
genes, long noncoding RNAs involved in X 
chromosome inactivation, and the small num- 
ber of X gametologs of ubiquitously expressed 
Y-linked genes (e.g., EIF2S3X, DDX3X, KDMG6A, 
and KDM5C), which escape X chromosome 
inactivation. There were also a few autosomal 
genes (fig. S3E) that were sex biased across the 
entire development of multiple organs, includ- 
ing Ubad in mouse, Ddx3y in rat (located on 
chromosome 13), a rabbit ortholog of the human 
EIFIAY, and ZNF451, and two more genes in 
opossum. Additionally, a few genes in each 
species were sex biased across all develop- 
mental stages in an organ-specific manner 
(e.g., Vamp7 in the mouse heart and Hipir in 
the rat kidney). Overall, we found that in or- 
gans with high levels of sex-biased expres- 
sion (e.g., mouse liver), most genes became sex 
biased around or after sexual maturity, whereas 
in organs with low levels of sex-biased gene 
expression (e.g., mouse brain), most genes were 
always sex biased (Fig. 1E). 

The set of human sex-biased genes consisted 
of genes that start differing between the sexes 
before or near birth and remain sex-biased in 
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adults [as identified by GTEx (22)]. Among 
mammals, human had the largest number of 
genes in this category (78 genes), followed by 
rabbit (43 genes), mouse and rat (26 genes), 
and opossum (22 genes), although this analysis 
may be underpowered for the marsupial (fig. 
S3F) (22). These sex-biased genes were uniform- 
ly distributed among the organs, and whereas 
they were enriched for sex-chromosome genes, 
many were autosomal (fig. S3G). 

In chicken, the temporal dynamics of sexu- 
ally dimorphic expression were opposite to 
those in mammals (Fig. 1E). Only a minority of 
genes (~10% of all sex-biased genes) became 
sex biased around or after sexual maturation. 
Most genes (~67%) were sex biased across all 
developmental stages and across organs. Al- 
though most of these always sex-biased genes 
were sex linked (~85% of always sex-biased 
genes) and reflect the lack of global dosage : 
compensation, 15% were autosomal. 


Conservation of sex-biased expression 


Next, we investigated the extent of conserva- 
tion of sex-biased expression across species 
(i.e., Mouse, rat, rabbit, opossum and chicken, 
with comparable time series). We determined 
the overlap between the sets of sex-biased genes 
in the different species according to the onset 
of sex-biased expression (i.e., always sex biased, 
sex biased before sexual maturity, or sex 
biased after sexual maturity). There were no 
sex-biased genes conserved between mammals 
and chicken or across all mammals (Fig. 2A 
and fig. S4A). We identified only five sex- 
biased genes conserved across mouse, rat, 
and rabbit (Y-linked genes excluded). These 
included three genes that were always sex 
biased (Xist and the X gametologs Fi/2s3x and 
Kdm6a) and two genes that were sex biased in 
the liver after sexual maturity (Cux2 and Nipall). 
Except for Nipall, these genes were also sex 
biased in the corresponding organs in adult 
humans (9), suggesting that they are conserved 
across placental mammals. For mouse, rat, and 
rabbit, there was little conservation outside 
the set of genes that were always sex biased 
(Fig. 2B and fig. S4B) (22). 

Previous studies in adults (8, 17-19) also 
found low levels of conservation of sex-biased 
expression, but the number of conserved sex- 
biased genes varied considerably between stu- 
dies, ranging from a few (17, 18) to several 
hundred (8, 79). Because our approach for 
calling sex-biased genes is underpowered to 
detect sex differences limited to one or two 
stages (fig. S1) (22), which includes adult-only 
sex differences, we could be underestimating 
the extent of conservation of sex-biased expres- 
sion. To test this possibility, we applied classical 
differential expression analysis using DESeq2 
(22, 29) to the adults in our dataset and inde- 
pendently to four prenatal stages. As expected, 
there was a good overlap between sex-biased 
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Fig. 2. Conservation of sex-biased gene expression. (A) Phylogeny showing 
the number of sex-biased orthologs in kidney and liver across mammals. 
*Benjamini-Hochberg adjusted P < 0.05, permutation test. The different numbers 
reflect the different sets of 1:1 orthologs used. For example, the set of 1:1 (mouse:rat) 
orthologs includes all 1:1:1 (mouse:rat:rabbit) orthologs plus genes that are only 1:1 
orthologs between mouse and rat. (B) Percentage of sex-biased 1:1:1 orthologs in 
rat heart that were only sex biased in rat; sex biased in rat and mouse; or sex biased 


genes identified in adults with DESeq2 and 
those identified by our time-series approach 
(fig. S4C) (22). The newly identified adult sex- 
biased genes showed significantly smaller dif- 
ferences in expression levels between the sexes 
than those identified by our time-series ap- 
proach (P < 0.0001, Wilcoxon rank-sum test; 
fig. S4D). Using the set of adult sex-biased 
genes identified by DESeq2, we identified a 
higher number and proportion of sex-biased 
genes conserved across mouse, rat, and rabbit 
(17 versus five using the time-series approach; 
Fig. 2C and fig. S4B). By contrast, analysis of 
the four prenatal stages identified only Xist as 
being conserved across all three species (Fig. 
2C). These results confirm that there were few 
sex-biased genes before sexual maturity, that 
only a few of them were conserved across spe- 
cies, and that these were better identified with 
our time-series approach. However, they also 
suggest that we were underestimating the 
extent of sex-biased expression in adults for 
genes with smaller differences in expression 
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levels between the sexes. To overcome this 
limitation, we created an extended set of sex- 
biased genes that combined the time-series 
calls with those made with DESeq2 in adults. 

Our analyses indicate that sexually dimorphic 
expression evolves rapidly, with conservation 
of sex-biased expression during development 
restricted to a few key genes, most of which 
are sex biased across all developmental stages 
and organs. These genes include Xist, the small 
number of X gametologs with partners on the 
Y chromosome that were ubiquitously expressed, 
and a few others (table S15). 


Evolutionary age of sex-biased genes in 
mouse and rat 


To explore the fast evolution of sex-biased ex- 
pression, we focused on the two most closely 
related species, mouse and rat, using the ex- 
tended set of sex-biased genes (combining the 
time-series and adult-only calls). In both spe- 
cies, the two most sexually dimorphic organs 
were the kidney and liver, but only a small 
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in rat, mouse, and rabbit, depending on the onset of sex-biased expression. 

(C) Number of shared sex-biased 1:1:1 orthologs in mouse, rat, and rabbit at 
different developmental stages (matched across species) using classical differential 
expression analysis (DESeq2). (D) Number and percentage of sex-biased genes 

in mouse kidney and liver that were also sex biased in rat, had a 1:1 ortholog in rat, 
or did not have a 1:1 ortholog in rat. (E) Proportion of expressed and sex-biased 
genes in the mouse kidney and liver and according to their evolutionary age. 


percentage of genes were sex biased in both 
species (17% in kidney, 12% in liver; Fig. 2D). 
The conserved sex-biased genes tended to have 
the same direction of sex bias in the two species 
(64% in kidney and 73% in liver) and were 
involved in important processes, including trans- 
membrane transport in the kidney and redox 
reactions in the liver. 

Among the genes that were sex biased in 
mouse but not in rat, it is important to dis- 
tinguish between those that had 1:1 orthologs 
in rat and those that did not (because of gene 
duplication or loss). Although in the kidney, 
most mouse sex-biased genes had 1:1 orthologs 
in the rat (87%), in the liver, 28% of mouse sex- 
biased genes did not. This suggests that many 
sex-biased genes in the mouse liver duplicated 
in the mouse and/or rat lineages or were lost 
in rat. To further explore these possibilities, we 
determined when mouse sex-biased genes first 
appeared during evolution, that is, when they 
first arose through gene duplication (30). For 
most genes in the kidney, the sex differences 
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were recent, but the genes themselves were 
old (Fig. 2E). By contrast, in the liver, many 
sex-biased genes appeared recently in evolution, 
with at least 5% being mouse specific (a likely 
underestimation because we could not assign 
an evolutionary age for 10% of sex-biased genes 
in the liver versus only 5% in the kidney) (22). 

Because newly emerged genes are among 
the least studied (31, 32), we manually exa- 
mined the annotations for these genes and 
found that many derived from the expansion 
of three gene families, the cytochrome P450 
family (20 of 77 genes), the major urinary 
protein family (16 of 77 genes), and the Slc22 
transporter family (5 of 77 genes). All three 
families have undergone successive gene dupli- 
cations (33-35) and are involved in critical sex 
functions. The cytochrome P450 family is in- 
volved in the metabolism of xenobiotics and 
the transformation of endobiotics such as ste- 
roid hormones, processes with many sex dif- 
ferences (27). The major urinary protein family 
codes for sex pheromones and is involved in 
creating scent marks used for male-male com- 
petition, female assessment of males, and kin 
recognition (33). The rodent-specific expansion 
of the Slc22 transporter family has been asso- 
ciated with the transport of conjugated sex hor- 
mones (35). In the rat liver, recently emerged 
sex-biased genes also belong to the major uri- 
nary protein family (4 of 37 genes), which 
has expanded in parallel in mouse and rat 
(36, 37), and the P450 family (2 of 37 genes). 
Although there are few conserved sex-biased 
orthologs in the mouse and rat liver, there is 
conservation of sex-biased expression at the 
level of gene families. 

Our analysis of the evolutionary age of sex- 
biased genes uncovered important differences 
between organs. In the mouse and rat kidney, 
evolutionarily old genes quickly evolved sex 
differences in expression. This was also true for 
the rabbit heart (fig. S4E), the most sexually 
dimorphic organ in this species, where most 
sex-biased genes have 1:1 orthologs in mouse. 
However, in the liver, the evolution of sex dif- 
ferences often involved the evolution of new 
genes through the independent expansion of 
the same gene families. 


Cellular basis of sex-biased expression 


Sex differences in expression at the bulk tissue 
level can be a consequence of the differential 
expression of genes in the same cell types be- 
tween males and females, differences in the 
proportion of cell types between the sexes, 
and/or genes being expressed in different cell 
types between males and females. Distinguish- 
ing between these scenarios requires investi- 
gating sex differences at the single-cell level. 
Therefore, we used single-cell datasets to iden- 
tify the cell population(s) that expressed the 
sets of sex-biased genes identified at the bulk 
tissue level (22). 
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We focused on the two most sexually di- 
morphic organs in mouse, the kidney and liver. 
We generated a single-nucleus RNA-seq (snRNA- 
seq) dataset for four adult mouse liver samples 
(22) and used an existing scRNA-seq dataset 
for the adult mouse kidney (38). We then de- 
termined the expression of the extended set of 
sex-biased genes (combining the time-series 
and adult-only calls) in the single-cell datasets 
(22). In the mouse liver, male- and female-biased 
genes were specifically expressed in hepatocytes 
(Fig. 3, A and B), as previously observed (39). 
Male-biased genes were more highly expressed 
in male hepatocytes, and female-biased genes 
were more highly expressed in female hepato- 
cytes (Fig. 3C). By contrast, in the mouse kid- 
ney, the cell-type specificity of sex-biased genes 
differed between male-biased and female-biased 
genes. Male-biased genes were expressed spe- 
cifically in the proximal tubule cells, whereas 
female-biased genes were not cell-type spe- 
cific and were expressed across several cell 
types in addition to the proximal tubule cells 
(Fig. 4, A and B). Despite this difference in 
cell-type specificity, the expression differences 
between the sexes were mostly restricted to 
the proximal tubule cells, as previously sug- 
gested (38). In this cell population, male cells 
expressed male-biased genes at higher levels 
than female cells, which in turn expressed 
more highly female-biased genes than male 
cells (Fig. 4C). 

Studies suggested small morphological dif- 
ferences between males and females in these 
two organs, which could reflect cell composi- 
tion differences (40-42). However, there is no 
evidence yet for differences in cell-type pro- 
portions between the sexes, and because of the 
levels of technical variability in the single-cell 
datasets, we cannot reliably address this ques- 
tion with these data (fig. S5A). Although we 
cannot discard the possibility that there are 
also differences in the abundance of proximal 
tubule cells in the kidney and hepatocytes in 
the liver between males and females, our data 
support that most sex differences in these two 
organs are the result of there being a female 
version and a male version of these two cell 
types and thus that male- and female-biased 
genes are differentially expressed between 
the sexes in the same cell types. 

In the mouse kidney and liver, most sex- 
biased genes were only sex-biased starting 
around puberty (Fig. 1E), so we did not expect 
sexually dimorphic expression of these genes 
before birth. However, we wanted to know 
where these genes were expressed before 
showing sex differences. Therefore, we re- 
analyzed prenatal scRNA-seq datasets from 
the mouse kidney and liver (43, 44). In the 
kidney, male-biased genes were already spe- 
cifically expressed in the proximal tubule cells 
prenatally, whereas female-biased genes were 
more broadly expressed (as observed in adults). 


3 November 2023 


As expected, before birth, male and female cells 
expressed sex-biased genes at similar levels 
(or with considerably smaller differences than 
those observed in adults) (Fig. 4, D to F). A 
similar pattern was observed in the prenatal 
mouse liver. Before birth, male- and female- 
biased genes were expressed specifically in 
hepatocytes but with only minor differences 
in gene expression between male and female 
cells (Fig. 3, D to F). These results show that 
sex-biased genes are expressed in the same 
cell types prenatally as in adults and that only 
after puberty do the cells from males and 
females start to diverge in their expression. 


Conservation of the sexually dimorphic 
cell types 


Next, we investigated whether the cell-type 
specificity of sex-biased expression is conserved 
across species and, if so, if sex-biased expression : 
is associated with the same cell types across 
species. To this end, we reanalyzed a scRNA- 
seq dataset for the rat kidney and liver (45). 
When we assessed the cell-type specificity of 
the extended set of rat sex-biased genes in the 
two organs, we identified the same two cell types 
that we had found in mouse. Male-biased genes 
were specific to the proximal-tubule cells in the 
kidney (Fig. 4, G to I, and male- and female- 
biased genes were specific to hepatocytes in 
the liver (Fig. 3, G to I). In both organs, the 
expression differences between male and fe- 
male cells were the same as in mouse. These 
observations were not driven by the set of sex- 
biased genes common to both species (fig. S5, B 
and C). Our results suggest that although sex- 
biased expression evolves fast at the gene level, 
it evolves more slowly at the cell-type level. 
This is consistent with a single-cell study of 
the human kidney (46) that also identified 
the proximal tubule cells as being sexually di- 
morphic and driving most sex dimorphisms 
despite there being very little conservation in 
the set of sex-biased genes between rodents 
and humans. 

To understand how sex-biased expression 
evolved so quickly between mouse and rat, we 
focused on genes that were sex biased in only 
one of the species and determined their ex- 
pression in the other (where they were not sex 
biased). We investigated whether these genes 
were expressed in the same cell types in mouse 
and rat despite the difference in their sex- 
biased status. In the kidney, we found this to 
be true. Rat-only male-biased genes were also 
specifically expressed in the proximal tubule 
cells in the mouse dataset and vice versa (fig. S5, 
Dand E). In the liver, although mouse-only sex- 
biased genes were also specifically expressed in 
hepatocytes in rat, rat-only sex-biased genes were 
not as hepatocyte specific as in mouse (fig. S5, F 
and G). These results indicate a difference in 
both the sex- and the cell-type-specific regula- 
tion of these genes between species. 
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Fig. 3. Cellular basis of sex-biased gene expression in mouse and rat liver. biased (down) genes in prenatal mouse liver. (F) Distribution of male-bias (up) and 
(A) Uniform manifold approximation and projection (UMAP) of the adult mouse — female-bias (down) gene-set scores according to cell type and separated by male 


liver snRNA-seq dataset (22,512 cells). (B) UMAPs illustrating expression and female cells in prenatal mouse liver (****Benjamini-Hochberg adjusted P < 

of male-biased (up) and female-biased (down) genes in adult mouse liver. 0.0001; ns, nonsignificant, two-sided Wilcoxon rank-sum test). (G) UMAP of adult rat 
(C) Distribution of male-bias (up) and female-bias (down) gene-set scores liver scRNA-seq dataset [data from (45)] (11,343 cells). (H) UMAPs illustrating 
according to cell type and separated by male and female cells in adult mouse expression of male-biased (up) and female-biased (down) genes in the adult rat 
liver (****Benjamini-Hochberg adjusted P < 0.0001, two-sided Wilcoxon rank-sum liver. (I) Distribution of male-bias (up) and female-bias (down) gene-set scores 
test). (D) UMAP of prenatal mouse liver scRNA-seq dataset [data from (44)] according to cell type and separated by male and female cells in adult rat liver 
(3847 cells). (E) UMAPs illustrating expression of male-biased (up) and female- (****Benjamini-Hochberg adjusted P < 0.0001, two-sided Wilcoxon rank-sum test). 
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Fig. 4. Cellular basis of sex-biased gene expression in mouse and rat 

kidney. (A) UMAP of adult mouse kidney scRNA-seq dataset [data from (38)] 
(29,611 cells). (B) UMAPs illustrating expression of male-biased (up) and female- 
biased (down) genes in adult mouse kidney. (C) Distribution of male-biased (up) 
and female-biased (down) gene-set scores according to cell type and separated by 
male and female cells in adult mouse kidney (****Benjamini-Hochberg adjusted 

P < 0.0001, two-sided Wilcoxon rank-sum test). (D) UMAP of prenatal mouse kidney 
scRNA-seq dataset [data from (43)] (5168 cells). (E) UMAPs illustrating expression 
of male-biased (up) and female-biased (down) genes in prenatal mouse kidney. 
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Molecular basis of developmental 

sex-biased expression 

Hormones play a critical role in sex-biased ex- 
pression by differentially activating transcrip- 
tion factors (TFs) and their downstream targets 
in each sex (47). Although sex-biased TFs under- 
lie a large fraction of sex-biased genes (19, 48), 
sex-biased expression can also be achieved 
through non-sex-biased TFs, when, for exam- 
ple, differences in hormone concentrations 
lead to differential rates of TF translocation 
to the nucleus and transcriptional activation 
of downstream targets between the sexes (49). 
To identify the TFs responsible for the sex- 
biased expression in the mouse kidney and 
liver, we analyzed available ChIP-seq datasets 
for TFs responsive to the growth hormone [a 
key driver of sex differences in the liver (49, 50)], 
TFs responsive to sex-related hormones (andro- 
gens and estrogens), and TFs that we classified 
here as being sex biased (22). 

In the mouse kidney, male-biased genes were 
enriched among the targets of the androgen 
receptor (Ar) and a male-biased TF, Hnf4a, 
which is known to interact with Ar (Fig. 5A). 
Ar and Hnf4a were specifically expressed in 
the proximal tubule cells (Fig. 5C). By contrast, 
female-biased genes were enriched among the 
targets of Ap-2, a female-biased TF. In the 
kidney, 65% of sex-biased genes were targeted 
by at least one of these three TFs (compared 
with 20% of all genes expressed in the kidney, 
P< 0.01, X” test; Fig. 5B). 

In the mouse liver, sex differences are main- 
ly driven by the different temporal secretion 
patterns of the pituitary growth hormone, 
which is secreted continuously in females and 
in regular pulses in males (50-53). Both male- 
and female-biased genes in the mouse liver are 
enriched for known growth hormone-related 
TF targets, including Stat5b, a non-sex-biased 
TF (54); Bcl6, a male-biased transcriptional 
repressor (55, 56); Cux2, a female-biased re- 
pressor (57); and Hnf6, another non-sex-biased 
TF (58) (Fig. 5A). TFs responsive to hormones 
can act as both inducers and repressors of gene 
expression depending on their interaction part- 
ners (59-62). Previous work showed that only 
24% of Stat5b-binding sites were differentially 
bound by Stat5b in males and females (55). 
Accordingly, we found that male-biased genes 
were enriched for targets of male-enriched 
Stat5b-binding sites, whereas female-biased 
genes were enriched for targets of female- 
enriched Stat5b-binding sites (Fig. 5A). At the 
single-cell level, all of these TFs except for Stat5b 
were hepatocyte specific (Fig. 5C), as previously 
reported (39), and so were their targets (includ- 
ing those of Stat5b). 

In the liver, male-biased genes were also en- 
riched among the targets of sex hormone- 
responsive TFs, namely Es7iI and Ar (Fig. 5A), 
which supports that sex hormones drive sex 
differences in the liver in addition to the growth 


Rodriguez-Montes et al., Science 382, eadf1046 (2023) 


hormone (63). However, whereas many sex- 
biased genes were targeted by both sets of 
hormones (Fig. 5E), only a few were targeted 
exclusively by sex hormone-responsive TFs, 
supporting a more prominent role in sexual 
dimorphism for the growth hormone. 

To investigate the molecular basis of the fast 
evolution of sex-biased expression between 
mouse and rat, we looked at the distribution of 
binding sites for the TFs driving sex differences 
in the kidney and liver for genes that were 
sex biased only in rat (i.e., we examined their 
mouse orthologs). In the kidney, the mouse 
orthologs of rat-only female-biased genes were 
not enriched among the targets of Ap-2, in 
agreement with their non-sex-biased status 
(fig. S6A). However, the mouse orthologs of 
rat-only male-biased genes were still enriched 
among the targets of Ar and Hnjf4a despite not 
being sex biased. The lack of male-biased ex- 
pression in the mouse genes was confirmed by 
the single-cell datasets and so is unlikely to be 
a false negative (fig. S6, C and D). This result 
suggests that another element (e.g., another 
TF) is also necessary for male-biased expres- 
sion and that it is its absence that drives the 
species difference. Alternatively, there could 
be quantitative differences in the binding of Ar 
and Hnjf#a that explain the species difference. 

In the liver, the mouse orthologs of rat-only 
female-biased genes differed from mouse female- 
biased genes by not being enriched among the 
targets of Cux2 and the female-biased Stat5b- 
binding sites (fig. S6A), the two TFs that sit 
atop of the cascade leading to female-biased 
expression. The mouse orthologs of rat-only 
male-biased genes differed from mouse male- 
biased genes by not being enriched among the 
targets of Cux2 and Hnf6, which work down- 
stream of the growth hormone, and by not being 
enriched among the targets of sex hormones 
(i.e., Esr7] and Ar). The cross-species compari- 
sons for the liver and kidney support a model 
in which sex-biased expression is the result of 
a combinatorial process involving multiple TFs, 
and that sex-biased expression can evolve quick- 
ly through the gain or loss of binding sites for a 
subset of the intervening TFs. 

TF binding is associated with chromatin 
accessibility. Previous studies identified chro- 
matin regions with different accessibility be- 
tween the livers of male and female mice (64), 
which are related to different abundances and 
distributions of epigenetic marks between the 
sexes (65). We reexamined these datasets and 
found that sex-biased DNase-hypersensitive 
sites (DHS) were associated with sex-biased 
genes (Fig. 5D). We also found that the ac- 
tive chromatin marks H3K4mel, H3K4me3, 
H3K27ac, and H3K36me3 were associated 
with male-biased genes in males and female- 
biased genes in females, whereas the repressive 
mark H3K27me3 was associated with female- 
biased genes in males (Fig. 5D). In total, 81% 
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of sex-biased genes in the mouse liver were tar- 
geted by at least one of the growth hormone- 
related TFs, sex-biased DHS, or sex-biased 
chromatin marks (compared with 58% of all 
genes expressed in the liver; P < 0.01, X° test; 
Fig. 5E). 

The repressive mark H3K27me3 is introduced 
by the histone-modifying enzymes EZH1/2 (66) 
and removed by KDM6B and the gametologs 
UTY (male biased) and KDM6A (female biased) 
(Fig. 5F). Similarly, the activating mark H3K4me3 
is introduced by SETD1a/SETD1b, MLL1/MLL2, 
and PRDM9 (66) and removed by KDM5A, 
KDM5B, and the gametologs KDM5D (male 
biased) and KDM5C (female biased). These 
gametolog pairs are among the rare genes that 
show conserved sex-biased expression across 
placental mammals. Perhaps despite the poor 
conservation of sex-biased genes across these 
species, sex differences in expression could ; 
ultimately involve similar molecular processes 
across placental mammals. 


Discussion 


We found that sex-biased expression varies 
substantially across species, organs, and devel- 
opmental stages and that it is often cell-type 
specific. In mammals, sex-biased expression is 
rare during organ development. In sexually di- 
morphic organs, sex-biased expression abruptly 
increases around sexual maturity. We expected 
to find a large increase in the number of sex- 
biased genes with the onset of sexual maturity, 
as observed across species as diverse as frogs 
(67), stick insects (68), and human (69). How- 
ever, we were surprised by the low levels of 
sex-biased expression during the development 
of organs with strong sex differences in adults. 
This suggests that in mammals, most sex 
differences only start at sexual maturity, when 
they are most visible. However, it is possible 
that some sex differences start before sexual 
maturity but are not reflected in sex-biased 
expression. There is evidence for this in our 
work, for example, in the TFs identified as 
driving sex-biased expression that were not 
themselves sex biased. In marked contrast to 
mammals, in chicken, most genes were sex 
biased across all developmental stages and most 
were Z linked. The lack of a global transcrip- 
tional dosage compensation mechanism on 
the Z chromosome means that ~5% of chicken 
genes are always differentially expressed be- 
tween the sexes irrespective of the organ or 
developmental stage. This high level of sex- 
biased expression could underlie the domi- 
nance of cell-autonomous processes in driving 
sexual dimorphisms in birds. 

In all species, a small set of sex-linked genes 
are sex biased throughout the development of 
multiple organs. This set contains most of the 
few genes with conserved sex-biased expression 
across placental mammals and includes the long 
noncoding RNAs involved in X chromosome 
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inactivation, ubiquitously expressed Y genes, 
and their X gametologs. In opossum, this set of 
sex-linked and always sex-biased genes is of 
special interest because they are prime candi- 
dates for underlying sex differences that occur 
before the differentiation of the gonads. Unlike 
in placental mammals, in marsupials, the devel- 
opment of some secondary sexual traits, such 
as the mammary gland and the scrotum, is inde- 
pendent of hormones (70). The development 
of these sexual traits depends instead on the 
number of X chromosomes (77), presumably 
a dosage difference in a hitherto-unknown 
X-linked gene (72, 73). The small set of X-linked 
genes that we found to be consistently sex 
biased across organs and developmental stages 
are prime candidates (listed in table S16). These 
genes were not sex biased in placental mam- 
mals, and most started showing sex differences 
very early in opossum development, before the 
differentiation of the bipotential gonad (fig. S7). 
Two genes, PHF6 and DKCI, are especially pro- 
mising because, in human, they have been im- 
plicated in the development of the urogenital 
tract (74, 75). 

Work across various taxa suggests that sex- 
biased expression evolves quickly across spe- 
cies (8, 14-16). Our work strongly supports this 
observation. Genes that are sex biased in one 
species are typically not sex biased in another, 
even among closely related species. However, 
our work shows that behind this general ob- 
servation of fast evolution, there are key dif- 
ferences in the evolutionary mechanisms used 
among organs. In the rabbit heart or the mouse 
and rat kidney, evolutionarily old genes quickly 
evolved sex-biased expression through gains of 
sex-specific regulatory sequences. However, in 
the mouse and rat liver, newly evolved genes 
were the drivers of sex differences, with species 
differences arising through the deployment of 
species-specific genes. However, although these 
genes were species specific, they are members 
of gene families with sexually dimorphic mem- 
bers in multiple species. This suggests more 
conservation across species at the gene fam- 
ily level. 

The rapid turnover of sex-biased expression 
across species could result from nonadaptive 
genetic drift or changes in patterns of natural 
or sexual selection. Although our study was 
not designed to estimate the contributions of 
these factors directly, some key results impli- 
cate changes in natural and sexual selection as 
drivers of species differences. First, although 
we observed rapid changes in the identity of 
the genes that were sex biased across species, 
we found sex differences to be limited to spe- 
cific cell types and those cell types to be con- 
served across species in their sexual dimorphism. 
Genetic drift cannot easily account for these 
observations. Rather, it is more likely that some 
cells are a hotspot for sexually antagonistic 
traits because of their functions (e.g., the uptake 
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and secretion of drugs and xenobiotics that 
affect the sexes differently). Natural selection 
can resolve intralocus sexual conflicts, which 
occur when genes have different expression 
optima in males and females (76, 77), through 
the evolution of sex-biased expression. Second, 
several sex-biased genes, particularly in the 
liver, are known to mediate reproductive com- 
petition, which is highly suggestive of sexual 
selection (J4). Several sex-biased genes in the 
liver belong to gene families involved in re- 
production and mate choice, including the 
major urinary proteins, which encode for pher- 
omones, and the cytochrome P450 family. 

The exception to the fast evolution of sex- 
biased expression is the small number of genes 
in placental mammals that are always sex biased. 
Despite their small number, these conserved sex- 
biased genes could be playing important sex- 
related roles across species, as seems to be the 
case for the pairs of gametologs KDM6A/UTY 
and KDM5C/KDM5D. These pairs code for de- 
methylases responsible for the removal of 
epigenetic marks that have different distri- 
butions in males and females and are involved 
in the regulation of expression of sex-biased 
genes in mouse and human (9, 65, 78-81). This 
suggests that in placental mammals, the genes 
that consistently show differences between the 
sexes during development could be involved in 
triggering and/or maintaining sex-specific devel- 
opmental programs in each sex similarly across 
species. 


Materials and methods summary 


Detailed information on materials and methods 
is available as supplementary materials (22). 
In brief, we used four time-series differential 
expression algorithms to identify sex-biased 
genes across organ development: splineTimeR 
(82), DESeq2 (29), MaSigPro (83), and our own 
algorithm (22). The sets of sex-biased genes 
comprised genes called sex biased by at least 
two different time-series algorithms because 
this approach yielded the best results in terms 
of sensitivity and specificity, as shown by our 
extensive simulations [performed with seq- 
gendiff (22, 84)]. We used soft clustering as 
implemented in GPClust (24) to cluster genes 
in each organ and species according to their 
temporal profiles and to determine the onset 
of sex-biased expression. 

We generated the mouse liver snRNA-seq 
dataset from four snap-frozen liver samples 
that were used for nuclei isolation and single- 
cell library construction using the Chromium 
Single Cell RNA Reagent kits (10x Genomics). 
We processed the sequencing data using Cell 
Ranger (85). Publicly available mouse and rat 
scRNA-seq datasets were obtained from the 
respective studies (38, 43-45). All single-cell 
datasets were analyzed with Seurat (86), in- 
cluding quality control, dimensionality re- 
duction, clustering, and cell-type annotation. 
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We used ChIPseeker (87) to study TFs and 
epigenetic marks associated with sex-biased 
expression in publicly available datasets 
(48, 55, 58, 64, 65, 88-90). 
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CD8 T cell tolerance results from eviction of 
immature autoreactive cells from the thymus 


Mohamed Elsherif Badr*, Zhongmei Zhang, Xuguang Tai, Alfred Singer* 


CD8 T cell tolerance is thought to result from clonal deletion of autoreactive thymocytes before they 
differentiate into mature CD8 T cells in the thymus. However, we report that, in mice, CD8 T cell 
tolerance instead results from premature thymic eviction of immature autoreactive CD8 thymocytes into 
the periphery, where they differentiate into self-tolerant mature CD8 T cells. Premature thymic eviction 
is triggered by T cell receptor (TCR)-driven down-regulation of the transcriptional repressor Gfil, 
which induces expression of sphingosine-1—-phosphate receptor-1 (S1P1) on negatively selected immature 
CD8 thymocytes. Thus, premature thymic eviction is the basis for CD8 T cell tolerance and is the 
mechanism responsible for the appearance in the periphery of mature CD8 T cells bearing autoreactive 


TCRs that are absent from the thymus. 


election of a functional and self-tolerant 

T cell receptor (TCR) repertoire in the 

thymus requires that thymocytes undergo 

positive and negative selection on the 

basis of the specificity of their TCRs for 
self-ligands. Thymocytes that engage self-ligands 
with low affinity undergo positive selection 
into mature CD4 or CD8 T cells, whereas thy- 
mocytes with potentially autoreactive TCRs 
engage self-ligands with high affinity and un- 
dergo negative selection (J). The major con- 
sequence of negative selection is thought to 
be clonal deletion, which eliminates auto- 
reactive thymocytes before their differentia- 
tion into mature T cells (2-4). However, it is 
now understood that TCR signaling is sus- 
tained during major histocompatibility class II 
(MHC-II)-specific CD4 T cell development but 
is disrupted during major histocompatibility 
class I (MHC-I)-specific CD8 T cell develop- 
ment (5-7). Accordingly, MHC-I-specific TCR 
signaling may be disrupted before deleting 
enough autoreactive thymocytes to induce 
CD8 T cell tolerance. In this work, we report 
that CD8 T cell tolerance does not result from 
clonal deletion but is induced by the prema- 
ture eviction of immature autoreactive thymo- 
cytes into the periphery, where they complete 
their differentiation into self-tolerant mature 
CD8 T cells. 


MHC-I-specific autoreactive thymocytes 
survive negative selection 


Autoreactive thymocytes that avoid clonal de- 
letion during negative selection express PD-1, 
an attenuator of TCR signaling, and become 
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TCR™PD-1* cells (8-10). TCR™PD-1" cells were 
significantly higher in both frequency and PD-1 
expression among MHC-I-selected compared 
with MHC-II-selected thymocytes from H-24bI~ 
(MHC-IT ) and bam! (MHC-I ) mice, respec- 
tively (Fig. 1, A and B). These TCR™PD-1* 
thymocytes lacked cleaved caspase-3, which 
confirmed that they were not dying cells (Fig. 
1, A and B). Thus, a significantly higher fre- 
quency of MHC-I-specific compared with MHC- 
Il-specific autoreactive thymocytes survive 
negative selection. 

To compare developing MHC-I- and MHC- 
II-specific thymocytes with TCRs that recog- 
nize the same self-antigen, we examined Hy“# 
and Marilyn mice, whose T cells both express 
transgenic TCRs specific for the HY male anti- 
gen and induce negative selection in male mice 
but positive selection in female mice (11, 72). 
The transgenic TCRs in HY“* mice are clono- 
type T3.70° and engage MHC-I ligands to gen- 
erate CD8 T cells (77), whereas the transgenic 
TCRs in Marilyn mice are TCR-VB6" and en- 
gage MHC-II ligands to generate CD4: T cells 
(12). Notably, in male mice, Marilyn thymo- 
cytes failed to become TCR, whereas HY*** 
thymocytes became TCR™ (Fig. 1, C and D). 
These TCR™ thymocytes were generated by 
the transgenic TCR because their thymocyte 
profiles were identical in Rag2-sufficient and 
Rag2-deficient HY“* mice (Fig. 1, C and D). 
Thus, negative selection does not prevent MHC- 
I-selected thymocytes from differentiating into 
TCR" cells. 

MHC-I-selected thymocytes that were TCR™ 
in HY* male (HY°*M) mice did not become 
CD8-single-positive (CD8SP) but remained 
cD4/8*" (Fig. 1, E and F). The absence of CD8SP 
thymocytes in negatively selecting HyY*'M 
mice has been attributed to clonal deletion 
(11, 13). However, this conclusion was contra- 
dicted by the presence of HY-specific CD8af 
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T cells in the periphery of male mice in ¢ Chee 
greater numbers compared with Hy“* feta Se 
(HY““*F) mice (Fig. 1, E and F, and fig. S1A). By 
contrast, HY-specific CD4 T cells were not pres- 
ent in the periphery of Marilyn male mice (fig. 
SIB). Thus, unlike MHC-II-selected autoreac- 
tive CD4: T cells, MHC-I-selected autoreactive 
CD8 T cells survive negative selection and ap- 
pear in the periphery. 

To assess cell death during MHC-I-specific 
negative selection, we examined cleaved caspase-3 
in HY“*M thymocytes (Fig. 1G). Less than 1% 
contained cleaved caspase-3, and these dying 
cells were Bcl-2'°CCR7”. An even higher fre- 
quency of negatively selected thymocytes were 
Bel2*CCR7™ and cleaved-caspase-3 and were 
differentiating, not dying, cells (Fig. 1G). Be- 
cause thymocyte clonal deletion during nega- 
tive selection is induced by B7 costimulatory 
ligands (CD80 and CD86) (8, 14, 15), we com- ; 
pared CD8 T cell numbers in HY“*M mice 
with and without B7 deficiency. Impaired clonal 
deletion in B7?X°HY“M mice increased TCR™ 
thymocyte numbers by only one-third (from 
14 million to 21 million) and did not reconsti- 
tute generation of CD8SP thymocytes (Fig. 1, H 
and I). Thus, clonal deletion eliminated onlya ‘ 
minority of autoreactive MHC-I-specific thy- 
mocytes and failed to explain the absence of 
CD8SP cells in the thymus. 


Immature autoreactive CD8 thymocytes are 
evicted from the thymus 


To understand how HY-specific CD8 T cells ap- 
peared in the periphery when they were ab- 
sent from the male thymus, we characterized 
the TCR"!IcD4/3*" thymocytes that populated 
the male thymus (Fig. 2A). Female thymi con- 
tained mature CD8SP thymocytes, whereas 
TcR'ICcD4/ gu thymocytes in male thymi were 
PD-1'Bcl-2* (indicating that they had been strong- . 
ly TCR signaled) and were cD24"'Qa2- (indicating ‘ 
that they were immature) (Fig. 2A). Neverthe- 
less, immature TcR'cpD4/ gt! male thymocytes 
were CD8 lineage-committed because they ex- 
pressed the cytotoxic-lineage transcription fac- 
tor Runx3d, albeit at lower levels compared 
with CD8SP thymocytes (Fig. 2B). 

To determine whether immature TcR"'cp4/se 
thymocytes exited the male thymus, we ex- 
amined thymocytes 5 min after intravenous 
(i.v.) injection of anti-CD5 monoclonal anti- 
body (mAb), which only had enough time to 
bind to exiting thymocytes that contacted 
the blood circulation (16). Whereas CD5(i.v.)* 
cells exiting B6 thymi were single positive 
(SP), CD5(i.v.)* thymocytes exiting HY°*M 
thymi were T3.70"CD4/3°™ (Fig. 2C). Such 
13.70" CD4/ gt cells were also present in the 
periphery of male mice, and these peripheral 
T3.70%cD4/30 cells resembled immature 
thymocytes in being CD24™PD-1* (Fig. 2, D 
and E). Thus, TCR™CcD4/ gam thymocytes exit 
the male thymus despite being immature. 
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Fig. 1. Characterization of developing thymocytes and T cells that CD8a expression on TCR" thymocytes (top) and TCR* lymph node (LN) 
preferentially survive strong TCR signaling during negative selection in cells (bottom) in male and female HY°“* mice. (F) Thymocyte and LN T cell 
the thymus. (A) Thymocyte profiles from mice containing either MHC-II- numbers in HY°%* transgenic mice. (G) Expression of cleaved caspase-3 
selected or MHC-I-selected T cells. Shown are TCR profiles of total versus Bcl-2 (left) or CCR7 (right) in HY-specific thymocytes from HY°* male 
thymocytes (left), PD-1 profiles on TCR™ (CD1d-PBS57° non-iNKT) mice. (H) TCR" thymocyte numbers in WT and B7-deficient [B7 double- 
thymocytes (middle), and cleaved caspase-3 expression in PD-1*TCR™ knockout (B7°%°)] HY°4 male mice. (I) CD4 versus CD8a expression on 
(non-iNKT) thymocytes (right). (B) Percent PD-1* cells among TCRB" TCR" thymocytes on WT and B7-deficient HY°* male mice. [(A) to (C), 
thymocytes (left) and quantification of their surface PD-1 expression as (E), (G), and (1)] Representative data are from three independent 
mean fluorescence intensity (MFI) (right). (©) TCR profiles of male versus experiments. [(D), (F), and (H)] Data are from two to four independent 
female thymocytes from Marilyn and HY°%4 transgenic mice. (D) TCR"! experiments. P values were determined using unpaired two-tailed Student's 
thymocyte numbers in Marilyn and HY°“* transgenic mice. (E) CD4 versus t tests (means + SEMs). 
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Fig. 2. Clonal eviction of autoreactive CD8 thymocytes signaled to undergo 
negative selection. (A) CD4 versus CD8«. expression on TCR" thymocytes from 
HY°4 male and female mice (left) and expression of various proteins in the indicated 
thymocyte subsets (single-color histograms). (B) Expression of Runx3d mRNA 
(top) and RUNX3 protein (bottom) in thymocyte subsets from HY°* male and 
female mice. (C) To identify cells exiting the thymus, thymocytes were harvested 
5 min after in vivo iv. injection of phycoerythrin (PE)-conjugated anti-CD5 mAb. 
Thymocytes that bound the injected anti-CD5 mAb were referred to as CD5(i.v.)* 
cells. (D) CD4 versus CD8 profiles of HY-specific T3.70* peripheral T cells in 
HY°* male and female mice. Only negatively selecting male mice contained 
peripheral CD4/8“" HY-specific T cells. (E) PD-1 and CD24 expression on peripheral 
CD4/8" and CD4°8* HY-specific T cells in HY°* male mice. (F) CD4/8%" and 
CD8* HY-specific T3.70* T cells were sorted from the spleen and LN of HY°** male 
mice and were adoptively transferred into separate Rag2’~ hosts. CD4 versus 
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CD8a expression on each transferred cell population was overlayed before and 

3 days after transfer into host mice. (G) CD4/8“"" and CD8* HY-specific T3.70* 

T cells were sorted from the spleen and LN of HY°4 male mice and were placed into 
separate in vitro cultures containing IL-7 for 4 days. Overlayed CD4 versus CD80 
expression on sorted T cells before and after IL-7 culture is shown. (H) CD4 versus 
CD8qa. expression on HY-specific T3.70" thymocytes and splenocytes in male 

and female embryonic day 18.5 (E18.5) HY°** mice. (I) Comparison of HY-specific 
T3.70* T cells in HY°* male versus female neonatal mice at indicated ages. PO, 
postnatal day 0. (J) Frequencies of CD4/8“" and CD8* cells among T3.70*TCRB* 
splenocytes in HY°*M neonatal mice. [(A) and (C) to (G)] Data are representative 
of three or four independent experiments. (B) Data are from three independent 
experiments with technical triplicates. (H) Representative data are from three or four 
HY°* embryos of each gender. [(I) and (J)] n = 3 to 8 from each gender at each 
time point. Data are expressed as means + SEMs. 
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Fig. 3. Strong TCR signaling of immature thymocytes induces S1P1 expression 
and clonal eviction by down-regulating Gfil. (A) SJpr1 mRNA (left) and S1P1 
protein (right) expression in HY°* male and female thymocytes. (B) CD4 versus 
CD8a. profiles of HY-specific T3.70* splenocytes in HY“* male mice after five daily 
injections of either FTY720 or vehicle. (C) CD4 versus CD8a and Qa-2 profiles of 
HY-specific T3.70* TCR" thymocytes from S1P1-deficient [SIP1 conditional knockout 
(SIP1%°)] and WT HY°* male mice. (D) Numbers of mature (CD24'°) CD8SP 
thymocytes in SIP1°° and WT HY°“* male mice. (E) /fng mRNA in thymocyte 
subsets from S1P1°° and WT HY°* male and female mice. (F) Frequency of CD317* 
preselection (CD69 DP) thymocytes in SIP1°° and WT HY°* male mice. 

(G) Number of total thymocytes in SLP1%° and WT HY°* male mice. (H) Nr4al, 
Foxol, and SIprl mRNA expression in immature (CD69 DP) and mature (CD4SP) 
B6 thymocytes after overnight stimulation with immobilized plate-bound anti-TCRB. 
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(I) Gfil mRNA expression in HY%* male and female thymocytes. (J) Gfil mRNA 
expression in immature (CD69 DP) B6 thymocytes after overnight stimulation with 
immobilized plate-bound anti-TCRB. (K) Donor HY°4M bone marrow cells 
(containing CD4-cre) were infected in vitro with FLEX/Gfil or FLEX/Thy1.1 
entiviruses, and the lentivirus-infected bone marrow cells were then injected into 
ethally irradiated B6 CD45.1 host mice. Donor-origin HY°“M thymocytes were 
analyzed 4 to 6 weeks later, and those constitutively expressing Gfil or Thyl.1 
entiviral proteins were identified by surface expression of hCD2 reporter protein. 
(A), (E), and (H) to (K)] Representative experiment from two to four independent 
experiments with technical triplicates. [(B) to (D)] Representative experiment from 
three or four independent experiments. [(F) and (G)] Data are from two to three 
independent experiments. P values were determined using unpaired two-tailed 
Student's t tests. Data are expressed as means + SEMs. 
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Fig. 4. Peripherally generated CD8 T cells are self-tolerant. (A) |n vitro 
proliferative responses of CD8 T cells from HY°“* male and female mice to 3 days 
of stimulation with varying doses of HY peptide presented by B6 splenocytes, 
as measured by the dilution of cell trace violet (CTV). (B) In vivo response 

as measured by CD107a expression of CD8 T cells from draining and 
nondraining popliteal LNs in HY°“* male and female mice to footpad injection with 
HY peptide and LPS 16 hours earlier. (C) In vivo growth of female (MC38) or 

male (B16-F10) tumor cells subcutaneously injected into HY°“* mice. (D) Surface 
TCR and CD8 expression and quantification of HY tetramer binding to CD8 LN T cells 
from HY°* male and female mice. (E) Ly49 versus CD122 profiles of peripheral 
CD8 T cells from HY°* male and female mice. (F) Relative body weights of male 
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Rag2’~ mice after transfer of naive CD4*CD25 CD45RB" B6 male T cells alone or 
together with male HY°* CD8 T cells. (G) Ly49 versus CD122 profiles of CD8SP 
thymocytes or CD8 spleen T cells from HY°“F mice, SIPI“°. HY°“M mice, and 
HY°“"M mice. (H) Ly49 versus CD8a expression on CD8*T3.70* T cells from 
HY°“"M mice analyzed 7 days after adoptive transfer into male and female B6 hosts. 
(A), (B), and (E)] Representative data are from three independent experiments. 
(D) Data are pooled from three independent experiments. [(C) and (F)] 
Representative experiment from two independent experiments (n = 5 mice from 
each group). P values were determined using unpaired two-tailed Student's t tests 
except for (C) and (F), where two-way analysis of variance (ANOVA) was used 
instead (means + SEMs). 


o. 


To determine whether immature TCR'cD4/ 
gt cells complete their differentiation in the 
periphery, we adoptively transferred them into 
immunodeficient Raga’ ~ hosts and found that 
they became CD8 T cells (Fig. 2F). Immature 
CD4/3t" cells also became CD8 T cells in 
interleukin-7 (IL-7) in vitro cultures, and their 
differentiation into CD8 T cells depended on 
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Runx3d and cytokine receptor gamma chain 
(yc) (Fig. 2G and fig. S2), as does CD8 T cell 
generation in the normal thymus (17). Thus, 
during negative selection, MHC-I-selected thy- 
mocytes became immature TCR'ICD4/ gt cells 
that express PD-1 and Runx3d and that pre- 
maturely exit the thymus to complete their 
differentiation into mature CD8 T cells in the 
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periphery. We refer to the exit of immature 
autoreactive thymocytes from the thymus into 
the periphery as clonal eviction. 

Premature clonal eviction of autoreactive 
CD4/' gal thymocytes also occurred during nor- 
mal ontogeny, as T3.70* cells appeared in the 
periphery of negatively selecting male mice 
2 days earlier than in positively selecting 
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Fig. 5. Assessment of clonal eviction in normal polyclonal mice. (A) Analysis of 


HC-I-selected thymocytes fi 


TCR" (non-NKT) thymocytes 


om MHC-II polyclonal mice. PD-1 expression 


e and female mice. (C) Gfil and Slprl1 mRNA 


on 


(left), and CD4 versus CD8a. profiles on PD-1* and 
PD-1” TCR" thymocytes (right). (B) CD4 versus CD8a profiles on PD-I'TCRB" 

thymocytes from MHC-II- ma 
expression in sorted thymocyte subsets from MHC-II" mice. (D) Analysis of RTEs 


(G) RTE CD4/8""PD-1* and CD8*PD-1* were sorted from the spleens and LNs of 
RAG-GFP.MHC-II” mice and placed into separate IL-7 in vitro cultures for 4 days. 

(H) Ly49 versus CD8a profile of total CD8 T cells from MHC-II" spleens (left) and 
comparison of TCRB and CD8a expression on Ly49° and Ly49* CD8 T cell subsets 
(bar graphs). (I) Comparison between B6 male and B6 female mice of HY-IA? 
tetramer binding to CD4 T cells (left), HY-H-2D® tetramer binding to total and Ly49* 


n 


in 


female mice (Fig. 2, H and I). Moreover, in male 
mice, the earliest-appearing T3.70* periph- 
eral cells were CD4/ gal cells, which increas- 
ingly became CD8 T cells over the following 
days (Fig. 2J). 
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the spleens of RAG2-GFP.MHC-II" mice. PD-1 expression (left) and CD4 versus CD80 
profiles on PD-1* and PD-I” RTEs (right). (E) Quantification of RAG-GFP fluorescence 
spleen RTEs from RAG2-GFP.MHC-Il" mice. (F) Expression of Cd4, Cd8a, and 
Runx3d mRNA in sorted spleen and LN T cell subsets in Rag-GFP.MHC-II” mice. 


S1P1 mediates clonal eviction, which avoids 
thymic stress 

Because immature thymocytes cannot normal- 
ly exit the thymus, we investigated how im- 
mature autoreactive thymocytes were clonally 
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CD8 T cells (middle), and Flu-H-2D° tetramer binding to Ly49*CD8 T cells (right). 
[(A) to (H)] Representative experiment from two to three independent experiments. 
(I) Data are from two independent experiments. P values were determined using 
unpaired two-tailed Student's t tests. Data are expressed as means + SEMs. 


evicted during negative selection. Because the 
sphingosine-1-phosphate receptor-1 (S1P1) is 
used by mature thymocytes to exit the thymus 
(18), we assessed whether S1P1 might also me- 
diate premature clonal eviction of immature 
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thymocytes. CD4/ gt cells in male thymi ex- 
pressed S1P1, albeit in lower amounts com- 
pared with mature CD8SP thymocytes (Fig. 3A 
and fig. $3, A and B). Their exit from the thymus 
required SIP1 because in vivo SIP1 blockade by 
FTY720 induced short-term thymic retention, 
which caused T3.70*CD4/8%™" cells to disap- 
pear from the periphery (Fig. 3B) (19). More- 
over, conditional deletion of S1P1 in HY““M 
thymocytes, which caused prolonged thymic 
retention, resulted in the generation of ma- 
ture CD8SP thymocytes in $1P1°%°. Hy“*M 
mice that were CD24!°CCR7"Qa-2™ (Fig. 3, 
C and D, and fig. S3C). Unexpectedly, these 
mature CD8SP male thymocytes were auto- 
reactive against HY self-antigens in the thy- 
mus, as they expressed interferon-y (IFN-y), 
which induced preselection CD4*CD8* [double- 
positive (DP)] thymocytes to express CD317 
(an IFN-y-responsive protein) and caused 
thymic stress with reduced total thymocyte 
numbers (Fig. 3, E to G) (20-22). Thus, S1P1- 
mediated clonal eviction rids the thymus of 
immature autoreactive cells before they be- 
come functionally competent and cause thymic 
stress. Moreover, the appearance of mature 
CD8SP thymocytes in SIP1-deficient HY““M 
mice demonstrates that their absence in wild- 
type (WT) HY“*M mice is not a result of clo- 
nal deletion but is instead because of clonal 
eviction of their immature precursors from 
the thymus. 


Gfil regulates S1P1 expression and 
clonal eviction 


Mature SP thymocytes express S1P1 only after 
TCR signaling is disrupted because this event 
up-regulates the expression of the transcription 
factor Foxol, which, in turn, induces the expres- 
sion of KZ and Sipri, the gene encoding S1P1 
(23). By contrast, immature TCR™cD4/gt 
thymocytes expressed S1P1 despite being TCR 
signaled (Fig. 3A and fig. S3, A and B). To 
understand the contradictory requirements 
for S1P1 induction in immature and mature 
thymocytes, we compared TCR signaling of 
immature CD69 DP and mature CD4SP thy- 
mocytes (Fig. 3H and fig. S4A). TCR signaling 
up-regulated Nr4ai in both thymocytes but 
had different effects on their expression of Foxol, 
KIpf2, and Sipri (Fig. 3H and fig. S4, A and B). 
Without stimulation, mature thymocytes ex- 
pressed Foxol, KU2, and SIpr1, which were then 
down-regulated by TCR signaling (Fig. 3H and 
fig. S4A), whereas immature thymocytes ex- 
pressed Foxol, KIf2, and Sipri only when ac- 
tively TCR signaled (Fig. 3H and fig. S4, A 
and B). In immature thymocytes, Foxol de- 
ficiency abrogated K/f2 and SIpri induction, 
as in mature cells (fig. S4C), which indicates 
that Foxol up-regulation initiated the same 
transcriptional progression to SIP1 expres- 
sion in immature and mature cells (23). Thus, 
the key feature distinguishing immature and 
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mature thymocytes is that Foxol up-regulation 
in immature thymocytes is induced by strong 
TCR signaling, whereas Foxol up-regulation in 
mature thymocytes is induced by TCR signaling 
disruption. 

To induce Foxol up-regulation in immature 
thymocytes, strong TCR signaling would ei- 
ther up-regulate a transcriptional activator 
or down-regulate a transcriptional repressor. 
Gfil is a known transcriptional repressor of 
Foxol (24), which we found to be highly ex- 
pressed in immature (CD69 DP) thymocytes 
but whose expression was reduced in more dif- 
ferentiated cp4/ge" and CD8SP thymocytes 
(Fig. 31). Gfil expression in immature thymo- 
cytes was down-regulated by strong TCR sig- 
naling (Fig. 3J), which indicates that strong 
TCR signaling of immature thymocytes induces 
Foxol up-regulation by down-regulating Gfil 
expression. 

To assess the role of Gfil in SIP1 induction 
and clonal eviction, we used the lentivirus 
“flex-switch” system and the CD4-Cre recom- 
binase (present in Hy“# thymocytes) to in- 
duce constitutive expression of lentiviral Gfil 
or lentiviral control Thyl1.1 proteins in Hy* 
thymocytes (fig. S4D) (25). Thymocytes that 
constitutively expressed lentiviral Gfil or Thy1.1 
proteins also constitutively expressed hCD2 
reporter proteins (fig. S4, D and E). Exami- 
nation of hCD2*CD4/8*"" thymocytes con- 
stitutively expressing Gfil or Thyl.1 proteins 
revealed that constitutive Gfil expression re- 
duced Foxol, KIf2, and SIpri but did not affect 
PD-1 or Qa-2 (Fig. 3K and fig. S4, F and G). 
Gfil-induced down-regulation of SIpri resulted 
in thymic retention and the appearance of 
mature Qa-2* CD8SP thymocytes (Fig. 3K and 
fig. S4H). Thus, it is by down-regulating Gfil 
that strong TCR signaling induces immature 
thymocytes to express SIP1 and undergo pre- 
mature clonal eviction (fig. S5). 


Peripheral CD8 T cells are self-tolerant 
despite expressing autoreactive TCRs 


Although HY“*M mice contain peripheral CD8 
T cells bearing autoreactive TCRs, these ani- 
mals remain healthy throughout their lives, 
which suggests that their peripheral CD8 T cells 
are self-tolerant. Compared with female pe- 
ripheral CD8 T cells, male peripheral CD8 
T cells were 10-fold less reactive against anti- 
genic HY peptide in vitro and were also less 
reactive to HY peptide injected in vivo as re- 
vealed by CD107a expression—a marker of 
CD8 T cell degranulation (26) (Fig. 4, Aand 
B). Additionally, the growth of male-origin 
tumor cells (B16-F10) was significantly less 
constrained in male compared with female 
Hy** mice, whereas female-origin tumor 
cells (MC38) grew equally in both (Fig. 4C and 
fig. S6A). Thus, despite bearing HY-specific 
TCRs, peripheral CD8 T cells in male mice are 
hyporesponsive to HY male antigen. To deter- 
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mine the basis of this hyporesponsiveness, we 
examined surface expression of TCRs and CD8 
co-receptor proteins on peripheral male CD8 
T cells (Fig. 4D). Surface TCR and CD8 were 
both significantly reduced on male CD8 T cells, 
which bound only one-third the number of 
HY-MHC-I tetramer complexes compared 
with female CD8 T cells (Fig. 4D) (27). Thus, 
reduced surface TCR and co-receptor expres- 
sion causes reduced binding of HY self-ligands 
(Fig. 4D). 

We considered that male CD8 T cells may 
also be hyporesponsive because they have reg- 
ulatory function, even though they did not ex- 
press Foxp3, the master gene regulator of CD4 
regulatory T cells (fig. S6B) (28). CD8 regulatory 
T cells are instead thought to be CD122*Ly49* 
and to express Helios (29-32). Peripheral CD8 
T cells in HY““M mice included a substantial 
number of CD122*Ly49* cells that expressed 
Helios (Fig. 4E and fig. S6C) and prevented the 
induction of inflammatory bowel disease in 
male Rag-deficient mice by transferred naive 
CD4 T cells. Thus, clonally evicted peripheral 
CD8 male T cells have regulatory function 
(Fig. 4F). 

Because peripheral CD8 male T cells con- 
tained an Ly49* subset and were hyporesponsive 
to HY antigens, we assessed Ly49 expression 
on CD8SP thymocytes that arose during thy- 
mic retention and were reactive against intra- 
thymic HY antigens (Fig. 3, E to G). Retained 
thymic CD8 male T cells were exclusively 
CD122*Ly49°, unlike peripheral CD8 male 
T cells (Fig. 4G). We therefore wondered wheth- 
er their Ly49 expression was induced by en- 
countering HY self-antigens in the periphery. 
Ly49 expression persisted and remained sig- 
nificantly more frequent after transfer of CD8 
T cells into male compared with female host 
mice (Fig. 4H), and a substantial fraction of 
Ly49° male cells converted into Ly49* cells 
after transfer into male hosts, which indicates 
that these were not distinct subsets of auto- 
reactive CD8 T cells (fig. S6D). Thus, immature 
autoreactive thymocytes evicted from the thy- 
mus encounter peripheral self-ligands to be- 
come self-tolerant CD8 T cells, some of which 
express Ly49. 

To verify that CD8 T cell tolerance depends 
on clonal eviction, we compared the reac- 
tivity of CD8SP thymocytes retained in the 
thymus because of S1P1 deficiency versus CD8 
T cells evicted into the periphery (fig. S6E). 
Retained CD8SP thymocytes were CD69" 
in vivo and further up-regulated CD69 upon 
exogenous in vitro stimulation with HY pep- 
tide presented by irradiated splenocytes (fig. 
S6E). By contrast, peripheral CD8 T cells 
were CD69” in vivo and hardly responded 
to exogenous in vitro HY peptide stimula- 
tion (fig. S6E). Thus, CD8 T cell tolerance to 
self-antigen depends on clonal eviction of 
immature autoreactive thymocytes into the 
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periphery before they have acquired functional 
competence. 


Clonal eviction of normal polyclonal CD8 
T cells 


Finally, we wondered whether our understand- 
ing of clonal eviction in HY-specific TCR trans- 
genic mice (schematized in fig. S7) also applied 
to CD8 T cells in normal polyclonal mice. We 
found that ~5% of MHC-I-selected TCR™ thy- 
mocytes in MHC-II polyclonal mice were PD-1* 
cells (Fig. 5A). These TCR™PD-1* thymocytes 
were CD4/87" and resembled HY“*M thymo- 
cytes that had survived negative selection, 
whereas their TCR™PD-1- polyclonal thymo- 
cytes contained CD8SP cells and resembled 
HY“*F thymocytes that had undergone po- 
sitive selection (Fig. 5A). MHC-I-selected 
TCR" Ppp-1°CD4/8"" thymocytes were pres- 
ent in both male and female polyclonal mice 
(Fig. 5B), which indicates that they had been 
signaled to undergo negative selection by sex- 
independent self-ligands. These negatively se- 
lected PD-1°TCR™cD4/8*™" thymocytes had 
down-regulated Gfil and up-regulated SZpri ex- 
pression compared with preselection CD69 DP 
thymocytes (Fig. 5C), which indicates that they 
had been strongly TCR signaled in the thymus. 
To determine whether these cells underwent 
clonal eviction into the periphery, we identified 
PD-1* cells among recent thymic emigrants 
(RTEs) by their expression of the reporter pro- 
tein Rag-GFP [green fluorescent protein (GFP)] 
(Fig. 5D) (32). PD-I* RTEs were CD4/8*"" and 
had the highest content of Rag-GFP, which re- 
vealed that they were the earliest RTEs in the 
periphery (Fig. 5E). In addition, CD4/8“™ RTEs 
differentiated into mature CD8 T cells, as their 
mRNA expression profile was Cd4 Cd8*Runa3d', 
and they became CD8 T cells when cultured 
with IL-7 (Fig. 5, F and G). 

MHC-I-selected peripheral CD8 T cells in poly- 
clonal mice contained an Ly49* subset that re- 
sembled self-tolerant CD8 T cells in HY°¢*M 
mice in that peripheral Ly49*CD8 T cells ex- 
pressed lower levels of both surface TCR and 
CD8 co-receptors (Fig. 5H). This resemblance 
suggests that peripheral Ly49* CD8 T cells may 
have been clonally evicted during negative se- 
lection and encountered their self-ligand dur- 
ing peripheral differentiation into mature CD8 
T cells. 

Finally, we quantified the number of CD4 
and CD8 T cells bearing HY-specific autoreac- 
tive TCRs in male and female B6 mice (Fig. 51). 
HY/I-AP tetramer-binding CD4 T cells were 
significantly reduced in male versus female 
B6 mice, whereas HY/ H-2D° tetramer-binding 
CD8 T cells were equally represented in both 
males and females, which indicates significant 
clonal deletion of HY-specific CD4 T cells but 
not HY-specific CD8 T cells in WT B6 mice 
(Fig. 51). Additionally, HY-H-2D? tetramer- 
binding cells were significantly more frequent 
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among Ly49*CD8* T cells in male versus fe- 
male mice, but this was specific for negatively 
selected HY-H-2D> tetramer-binding cells be- 
cause it was not the case for unrelated Flu-H- 
2p> tetramer-binding cells, which bear TCRs 
specific for the influenza foreign antigen (Fig. 
51). Thus, these results further support the 
conclusion that Ly49* CDs T cells are clonally 
evicted during negative selection and differ- 
entiated in the periphery into self-tolerant 
CD8 T cells. 


Discussion 


This study identifies premature clonal eviction 
from the thymus into the periphery as an im- 
portant consequence of negative selection that 
results in extrathymic T cell differentiation of 
self-tolerant CD8 T cells. Premature clonal 
eviction is triggered by TCR-signaled down- 
regulation of the transcriptional repressor Gfil 
and induction of S1P1 in immature CD8 thy- 
mocytes that survive negative selection. The 
mechanism establishing CD8 T tolerance has 
remained enigmatic because functionally ma- 
ture CD8 T cells bearing autoreactive TCRs are 
generally absent from the thymus but never- 
theless appear in the periphery of both humans 
and mice (33-40). It has been thought that CD8 
T cells with autoreactive TCRs appear in the 
periphery because clonal deletion in the thy- 
mus is imperfect (36, 40), but this perspective 
does not explain how autoreactive CD8 T cells 
that are absent from the thymus are neverthe- 
less undiminished in number in the periphery. 

This study provides clonal eviction of im- 
mature autoreactive CD8 T cells as a solution 
to this enigma. Immature CD8 T cells with 
autoreactive TCRs are strongly TCR signaled 
during negative selection in the thymus to 
down-regulate Gfil and up-regulate S1P1 ex- 
pression, which results in the premature evic- 
tion of immature cbD4/8e" thymocytes from 
the thymus into the periphery, where they 
complete their differentiation into function- 
ally mature but self-tolerant CD8 T cells, some 
of which become Ly49* regulatory CD8 T cells. 
We expect that prematurely evicted immature 
cells from the thymus differentiate into self- 
tolerant CD8 T cells in part because they are 
functionally immature when they first en- 
counter peripheral self-ligands, which reduces 
surface expression of both TCR and CD8 co- 
receptor molecules, and in part because they 
acquire regulatory function. Thus, clonal evic- 
tion is the primary mechanism underlying 
CD8 T cell tolerance to self-ligands. 
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Universal chiral Luttinger liquid behavior in a 
graphene fractional quantum Hall point contact 


Liam A. Cohen’+, Noah L. Samuelsont, Taige Wang”, Takashi Taniguchi‘, Kenji Watanabe®, 


Michael P. Zaletel??, Andrea F. Young?* 


One-dimensional conductors are described by Luttinger liquid theory, which predicts a power-law 
suppression of the single-electron tunneling density of states at low voltages. The scaling exponent is 
predicted to be quantized when tunneling into a single isolated chiral edge state of the fractional 
quantum Hall effect. We report conductance measurements across a point contact linking integer and 
fractional quantum Hall edge states (at fillings 1 and 4, respectively). At weak coupling, we observe 
the predicted universal quadratic scaling with temperature and voltage. At strong coupling, we 
demonstrate perfect Andreev reflection of fractionalized quasiparticles at the point contact. We use the 
strong coupling physics to realize a nearly dissipationless direct current voltage step-up transformer, 
whose gain arises directly from topological fractionalization of electrical charge. 


he Landau theory of Fermi liquids pro- 

vides a near-ubiquitous description of 

interacting fermion systems. One excep- 

tion is provided when electrons are con- 

fined to one dimension, where arbitrarily 
weak interactions favor a distinct phase known 
as the Tomonaga-Luttinger liquid (7-4). In this 
phase, the low-energy collective excitations are 
orthogonal to the single-electron operators 
from which they are microscopically constructed. 
This “orthogonality catastrophe” manifests 
experimentally as a power-law suppression 
of the electron tunneling density of states, 
N(E)&(E— Exe, at the Fermi energy Es, 
even though the system remains conductive. 
The power law is characterized by an ex- 
ponent g known as the Luttinger parameter, 
which depends continuously on the nature 
and strength of the interparticle interactions 
(5). Experimentally, Luttinger liquid behavior 
can manifest through a non-Ohmic current- 
voltage relation I(V) oc Va, as observed, for 
example, in ropes of single-walled carbon 
nanotubes (6, 7). 


Chiral Luttinger liquids 


An alternative means of creating a one- 
dimensional (1D) wire can be found at the 
boundary of a topologically ordered phase, 
as occurs in the fractional quantum Hall (FQH) 
effect (8). Here, the right- and left- moving 
modes are physically separated to opposite 
edges of the 2D sample, resulting in a chiral 
Luttinger liquid in which backscattering is 
suppressed entirely and the Luttinger param- 
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eter g becomes quantized (9). In this setting, g 
becomes a fingerprint of the topological order 
of the enclosed bulk; for example g = 3 for the 
Laughlin state at Landau level filling v =} 
(9, 10). In such a scenario, tunneling of whole 
electrons into the fractionalized edge of the 
v=¢g 3 state is predicted to exhibit a au teatie 
sealing of the tunneling conductance G= a 
with both the temperature T and bias voltage 
V:G < T°, V”. The quadratic scaling is a direct 
result of the quantized value of g = oy anda 
central prediction of the theory is that this 
behavior is universal and independent of mi- 
croscopic details at sufficiently low tempera- 
tures and bias voltages (9). 

Experimentally, one of the most successful 
tests of the chiral Luttinger liquid theory was 
obtained by studying tunneling between the 
edge of a 2D-electron gas (2DEG) hosting a 
FQH state at v = 3 and a 3D electrode grown 
on the cleaved edge of the semiconductor 
wafer (3, 17). Although striking power-law 
behavior was observed over a wide range of 
bias voles and temperatures (17), the ex- 
ponent 4 z ~2.7 was found to vary across sam- 
ples and within the v = 3 plateau (72, 13)—in 
disagreement with the predicted quantized 
exponent : = 3. This sparked a thorough dis- 
cussion about the nature of bulk-boundary 
correspondence and whether g is indeed a 
distinct imprint of the topological order of the 
bulk (14-16). However, the possibility of edge 
reconstruction was soon identified as a con- 
founding factor that could reconcile the range 
of observed exponents with the chiral Luttinger 
liquid theory (17-19). 

In principle, a quantum point contact be- 
tween integer and fractional quantum Hall 
edge states (5, 9, 10, 20, 21-23) provides a richer 
test bed for chiral Luttinger liquid physics. In 
this geometry, the collective modes of the 
v =} and v = 1 edges may be modeled as 
chiral bosonic fields ©, and ,, respectively, 
coupled by a single point scatterer of strength 
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q 


T. The low energy physics are describewiag ee 
the Lagrangian 


me Ox 0;(O, Ov); + 


T xa 


T8(a) (Wy + WpVa) (1) 


where the operators y, = e’V% and w, =e’ 
remove an electron on the v = zand v = ledges, 
respectively. In Eq. 1, the first term describes 
the gapless bosonic edge modes on either side 
of the junction, whereas the second term de- 
scribes inter-edge tunneling of electrons at the 
point contact. In the language of the renor- 
malization group, the scaling dimensions of 
the electron operator [y,,] = 4 whereas [y,] = 2 
is three times larger, reflecting the topological 
order of the v = 3 fractional quantum Hall 
bulk. For the corresponding 2D Euclidean ac- 
tion to remain dimensionless, [I] = 1— [y,|— 
[w,| = —1, meaning that edge-to-edge tunnel- 
ing is irrelevant and becomes increasingly less 
important at low energies. This leads to the 
conclusion that no matter how “open” the junc- 
tion is made—in other words, no matter how 
large the bare value of T is— the conductance ‘ 
will vanish at a sufficiently low temperature 
and voltage bias (24). Near this decoupled fixed 
point, the conductance can be computed with- 
in perturbation theory (3), giving x 


G(V,T) 
e ss (=) ; (= =) - (2) 


for small temperatures T and voltage bias V. 
Here, the bare tunneling strength is repre- 
sented by To, where for weakly coupled edges 
To & i In this limit, the power law exponent . 
[(2) — 1] = 2 describing the T and V depen- ‘ 
dence provides a direct probe of the bulk topo- 
logical order. 

Quantum point contact experiments in semi- 
conductor quantum wells have indicated power- 
law behavior near the decoupled fixed point 
(close to full pinch-off) over a limited temper- 
ature range (25, 26); however, the presence of — 
disorder at the tunnel junction often compli- 
cates the physical interpretation (25-37). Ina 
more recent experiment (32) focused on the 
weak quasiparticle backscattering limit, the 
conductance showed clear characteristics of a 
Luttinger liquid but remained quantitatively 
inconsistent with the predictions of chiral 
Luttinger liquid theory: The measured value of 
the Luttinger parameter g did not align with 
predictions for any candidate incompressible 
ground states at the filling factors studied in 
(31). It appears that for both quantum point 
contact and cleaved-edge overgrowth experi- 
ments, nonuniversal effects arising from the de- 
tailed structure of experimentally realized edges 
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Fig. 1. Universal conductance scaling at weak coupling. (A) Optical micrograph 
of the device with schematic depiction of chiral edge states. (B) Device schematic 
showing the patterned top graphite layer, graphene monolayer, and global 
bottom graphite gate. The tunneling conductance across the junction is 
determined from the transmitted current | and diagonal voltage Vp as G = 7 
(C) G measured as function of V at Tprobe = 56 MK, with Vs = -2.465 V 
and B = 10 T. (Inset) parabolic fit to the low-V regime, giving Tp = 9.02 + 
0.007 K as defined in Eq. 2. The main panel shows G — Gin, where 


(22, 33, 34, 35) push the universal scaling regime 
to energy scales beyond experimental reach. 


Conductance scaling in graphene quantum 
point contact heterojunction 


Recently, graphene has emerged as a useful 
platform for precision tests of chiral Luttinger 
liquid physics. Notably, the low disorder avail- 
able in field effect-controlled devices make a 
wide range of fractional quantum Hall states 
accessible (36, 37). However, prior studies of 
quantum point contacts have been limited to 
regimes dominated by resonant tunneling effects, 
owing at least in part to disorder introduced 
during the fabrication of local split gates (38-41). 
We use anodic oxidation lithography to pattern 
nanoscale features in graphite gates, which are 
then incorporated into a van der Waals hetero- 


- 0.5 
structure to produce a clean quantum point a 
contact (42). A micrograph and schematic of >" 0.0 
our device is shown in Fig. 1, A and B. 44-nm- ne 


thick hexagonal boron nitride (hBN) dielectric 
layers are used as spacers between the mono- “3.4 
layer graphene layer and the top and bottom 


Cohen et al., Science 382, 542-547 (2023) 3 November 2023 


- 10% 
, és F T,=6.87K 
A 101 
i ww &F 
10° == 
1 n piit poi a 
10° 10° 10? 10% 108 
T (kK) eV TK, Tone 


Gmin = 7.5 x 10°“ is the minimum conductance. Fitting a power law gives an 
exponent of 2.00 + 0.06 (44), where the error represents the standard 
deviation in the fit parameter. (D) G measured at V = 0 as a function of 
temperature at the same gate voltages as (C). The dashed line is a plot of the 
conductance given by the first term of Eq. 2, using To = 9.02 K. (E) Nonlinear 
differential conductance for Tprobe = 202, 245, 290, 344, 450, 549, 618, 

and 666 mK at Vus = -2.456 V. (F) The same data as in (E) after scaling G 
and V as described in the text. The black dashed line is Gas predicted by Eq. 2. 


Fig. 2. Andreev-like quasiparticle 
scattering. (A) G versus Vis taken at 
B = 9 T with a finite DC voltage bias of 
145 pV. Here, Veg = 2.0 V, Ve = -1.460 V, 
and Vw = -1.775 V to maintain v = 1 
and v = 4 on the east and west 

sides of the junction, respectively. 

(B) Schematic representation of the 
Andreev scattering process for fraction- 
ally charged quasiparticles in the strong 
coupling limit (23) of av =} to v = 

1 point heterojunction. (€) Ratio of 

the reflected voltage V, to the source 
voltage V; versus Vys; all other gate 
voltages are the same as in (A). 


-3.0 
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Fig. 3. Crossover from weak to strong coupling. (A) Schematic of renormalization 
group flow in the T-U plane, where U represents additional perturbations to Eq. 1. 
(B) G as a function of the voltage on the north and south gates, Vs, and the DC 
voltage bias V at Tprobe = 56 mK and B = 10 T. (C) Line cuts of the data in (B) at 
the values of Vys indicated by the colored points. Black dashed lines are plotted using 
the value of G predicted by Eq. 3 where the parameter To is extracted from the 


gates. The device architecture features a four- 
quadrant split gate geometry (42) where 
independent voltages may be applied to the 
north, south, east, and west top gates (Vy, Vs, 
Ve, and Vw, respectively) as well as a global 
bottom gate (Vgq). With Vgc held constant, Vz 
and Vw fix the filling factors of the east and 
west regions to 1 and 4, respectively, whereas 
Vung - Vn - Vg is used to create a constriction by 
tuning the filling of the north and south re- 
gions to v < 0. 

The choice of Vgc controls the “sharpness” of 
the potential profile at the constriction, pa- 
rameterized by the energy scale Ey =e OF by, 
Here V, which is defined as the applied po- 
tential, is purely a function of the applied 
gate voltages and does not take into account 
the finite compressibility of the 2DEG at a 
high magnetic field. Ey plays a key role in the 
physics of fractional quantum Hall edges: 
When the confinement energy Ey is smaller 
than the Coulomb energy, the edge may re- 
construct (33, 43), introducing additional edge 
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low-bias conductance. (D) TI 


T by To. The curves colla 
in black. 


modes which may push the universal tunneling 
behavior to experimentally inaccessible energy 
scales. As described in (42) and (44), the control 
available in our geometry allows us to access 
the universal regime of Ec < Ey while main- 
taining independent control of the bulk filling 
factor and quantum point contact transparency. 

We begin by investigating the “weak coupl- 
ing” regime where G « a This corresponds to 
the limit of eV « 2nkyTp and T« fa where Eq. 2 
holds. We measure G = eo (see Fig. 1B), which is 
a four-terminal measurement of the tunneling 
conductance (42, 44). We tune Ty through 
Vys. Figure 1C shows G measured as a func- 
tion of the direct current (DC) voltage bias V at 
a fixed Tyrobe = 56 MK and Vyg = —2.465 V. As 
seen in the inset, the V dependence is well fit 
by a parabola, with a curvature corresponding 
to To = 9.02 K in Eq. 2. To assess the quality of 
the power law fit, we subtract the minimum 
conductance Gpin and plot G - Gpin on a 
logarithmic scale (Fig. 1C). We find a simple V” 
power law over one order of magnitude in V, 
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he zero-bias conductance also scales with temperature 


in agreement with Eq. 3 for low energies. Although the data deviate from 
the model at high energies, G nevertheless exceeds G = a for T >>To, 
indicating strong coupling at high T. (E) The data from (D), after scaling 


pse onto the universal scaling formula Eq. 3, shown 


corresponding to two orders of magnitude in 
G - Gnin. Specifically, we find an exponent of 
2.00 + 0.06. Although we have not studied the 
filling factor dependence in detail, fig. S7 shows 
a second measurement taken at a different 
magnetic field and different value of the bulk 
filling factor within the v = 3 plateau, which 
yields the same exponent (44). 

We next compare experiment with the pre- 
dicted zero-bias temperature dependence, G 
(V =0,T, To) of Eq. 2. The result for Ty = 9.02 K 
is shown in Fig. 1D. In contrast to the volt- 
age dependence, a T” power law is observed 
only for a limited range of T, between 200 and 
700 mK. We attribute deviations at lower tem- 
peratures to a decoupling of the electronic tem- 
perature from Tpropbe. At high temperatures, 
deviations are expected as corrections to Eq. 2 
become important, with significant deviations 
onsetting for T > f = '750mK (44). Although 
the power law behavior in T occurs over a lim- 
ited range, the observed power law in T is con- 
sistent with the more robust power law in V, 
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which is a manifestation of a general scal- 
ing relation. Defining G = 2G. (za)? 4 and 
= Geet 7» it follows that G= ()+a?t-- 
provides a universal low-energy collapse. 
Figure IE shows G as a function of V for sev- 
eral different temperatures at Vyg = -2.456 V. 
The same data, plotted as G (x), are shown in 
Fig. 1F. In these datasets, Ty = 6.87 K is de- 
termined by fitting the lowest temperature 
curve in Fig. 1E to Eq. 2. For low values of V 
where universality is expected (44), the curves 
collapse onto the universal parabolic curve 
expected from chiral Luttinger liquid theory. 


From weak to strong coupling 


As seen in Fig. 1E, G approaches gf at high bias. 
One might expect that full transmission of the 
incoming fractional edge mode would cause 
the conductance to saturate at G = 5. In fact, 
the observed Gx 5 Ls can be wndersiood from the 
peculiar properties of the point contact at 
strong coupling, defined as eV >kpT, or T>To. 
The strong coupling regime is accessed most 
readily by lowering Tp (i-e., increasing Vyg) at 
fixed V and T, leading to a plateau in the dif- 
ferential G~ & (Fig. 2A). 

Microscopically, the excess conductance can 
be understood by analogy to Andreev scattering 
at a metal-superconductor interface (22, 23, 45). 
In this picture, conduction occurs when a pair 
of incident quasiparticles, each with charge 
e* = — §, is transmuted into a single electron on 
the v = 1 side through the simultaneous retro- 
reflection of a charge  quasi-hole into the 
downstream chiral edge state (see Fig. 2B). This 
process leads to the observed nearly quantized 
increase in G. Moreover, when the Andreev pro- 
cess is the dominant form of charge transfer 
across the junction, the downstream v = zedge 
hosting the retroreflected hole is expected to 
develop a negative chemical potential with mag- 
nitude one-half of the voltage of the incoming 
edge (23, 46). Figure 2C shows the measured 
reflected voltage V, under the same conditions 
as the G data in Fig. 2A. The near-quantization 
of both G and ie over the same broad range of 
junction iienepanency implies that the described 
Andreev process completely dominates charge 
transfer. This contrasts with previous experi- 
ments in semiconductor wells (30), where a 
much smaller effect was observed, likely me- 
diated by resonant scattering. 

In our discussion, we have considered only 
single-electron tunneling between edges, pa- 
rameterized by T; however, additional pro- 
cesses such as electron co-tunneling may also 
contribute, which would be represented by 
additional operators not included in Eq. 1. Re- 
normalization group analyses have shown (J0) 
that as T — 0 these terms are more irrelevant 
than I. This guarantees that regardless of mi- 
croscopic details Eq. 1 becomes a good approx- 
imation to the physical system at sufficiently 
low energies. This is characteristic of a stable 


Cohen et al., Science 382, 542-547 (2023) 


Fig. 4. Zero frequency <A 
voltage step-up trans- 
former. (A) The differen- 


tial gain S¢ and resulting 


integrated DC gain B = Sp, 


measured in the config- 
uration shown in the inset, 
with B = 9 T, Tprobe = 

48 mK, V_ = -1.460 V, 

Vw =-1775 V, Vis = 
-3.225 V, Veg = 2.0 V. The 
FQH Andreev scattering 
process yields an 
enhancement of the 
output voltage on the FQH B 
side (46), with the DC 


Gain 


gain predicted to reach a s 
value of 1.5 in the dis- a 0.9 
sipationless limit. Experi: a> 
mentally, we find a gain 

B = 1.46, despite the 0.8 


nonlinearity at low bias a ae 


arising from the sup- 


-0.5 0.0 0.5 1.0 15 
V (mV) 


pression of the Andreev scattering at low energies. (B) The DC power dissipation ratio, calculated from B 


through Pout/Pin = (2)° 


fixed point of the renormalization group and 
accounts for the universal scaling behavior 
demonstrated in Fig. 1. 

A different result is obtained at strong cou- 
pling, formally [ — ~, which represents an 
unstable fixed point (23, 47). At this fixed point 
the dominant process that transfers charge 
across the junction is Andreev scattering. How- 
ever, while other processes vanish when [ = », 
giving G = 5, for any finite value of T, G is 
expected to vanish at low energies as the sys- 
tem flows toward the stable I = 0 fixed point. 
This is shown schematically in Fig. 3A, which 
depicts a renormalization group flow diagram 
indicating the trajectory of the conductance as 
the energy is lowered. In this plot, the y-axis, T, 
represents the coefficient of the operator which 
transfers an electron between the two edge modes, 
whereas the 2-axis represents the coefficient “U” 
of any operator not explicitly captured in Eq. 1. 
As is seen in the diagram, finite U, expected for 
realistic heterojunctions, would seem incom- 
patible with approaching the strong coupling 
fixed point. For this reason, the strong coupling 
limit was previously thought to be practically in- 
accessible except through highly tuned resonant 
scattering (46, 48). Although fine-tuned, this 
limit would arise if the QPC forms an adiabatic 
constriction in which approximate momentum 
conservation along the QPC prevents backscat- 
tering between the N and S edge (49). 

The fact that we observe near-perfect Andreev 
reflection when the junction is highly transmis- 
sive suggests that the microscopics of the system 
approach the strong coupling fixed point with 
negligible contributions from the additional 
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— (2) +1, is plotted versus V, and reaches a maximum value of 97.6% (49). 


operators represented by U. When U = 0, Eq. 
1 can be mapped to an integrable “quantum 
impurity model” with an exact solution for 
all values of T (24, 47). The solution provides 
an expression for G at arbitrary V, T, and To, 


—(2E + eV)? 


z | 
G(V,T) = 
(V7) = 55)» (2E + eV)? + (keTo)” 


(3) 


where f(E) is the Fermi-Dirac function (47). 
Equation 3 provides a universal crossover 
function which describes the transition be- 
tween weak and strong coupling, depicted as 
a single line along the y-axis (U = 0) of Fig. 
3A (22, 23, 47). The integral reduces to Eq. 
2 for Typ — », corresponding » the i 
coupling fixed point, and gives 5, for To = 
corresponding to strong cosine. 

Figure 3B shows G as a function of V and 
Vng at a probe temperature Tprobe = 56 MK. 
Throughout the plotted range, the high-V 
conductance saturates to approximately as 
expected for the strong coupling fixed point. 
Meanwhile, a zero-bias dip remains visible 
for all Vygs, indicative of the instability of the 
point contact to edge decoupling at low ener- 
gies. To quantify how closely the quantum im- 
purity model describes our system, we compare 
Eq. 3 with our experimental data as a function 
of V and T, and To. In Fig. 3C, we plot four 
curves extracted for different values of Vys. 
For each curve, To is determined from a fit to 
the low bias behavior with an appropriate low- 
energy expansion of Eq. 3 (44). For the largest fit 
values of To, the residual value of G when V = 0 
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can then be used as a primary thermometer—in 
effect allowing us to correct for a possible lack of 
equilibration between the electron temper- 
ature and the probe thermometer. Using this 
method, we find Teectron = 91 MK for the Ty = 
9.02 K trace, in contrast to the measured probe 
temperature of 56 mK. Taking 91 mK as the 
electron temperature for the remaining data sets 
in Fig. 3C, Eq. 3 may then be used to generate V- 
dependent curves interpolating between weak 
and strong coupling. These curves are overlaid 
in black on the experimental data in Fig. 3C. 
Figure 3D shows G (V = 0, T) plotted as a 
function of the probe temperature for the same 
values of Vyg as in Fig. 3C, along with the 
results of Eq. 3 for the corresponding values of 
To. Although Eq. 3 does not provide a simple 
scaling between temperature and voltage as is 
available at the weak coupling fixed point, for 
V = 0 the conductance can be written as a 
function of the scaled temperature, Bs Figure 
3E shows the V = 0 conductance plotted as a 
function of 7 The four data sets shown in 
unscaled form in Fig. 3E collapse onto different 
parts of the universal crossover function be- 
tween weak and strong coupling. Note that for 
Fig. 3, D and E, the temperature is measured 
on the probe and no corrections are made for 
disequilibrium between Teectron ANd Tprobes 
leading to systematic deviations between 
experiment and theory at the lowest tempera- 
tures. The collapse of the experimental data 
onto a single universal curve over nearly two 
orders of magnitude in Ty strongly supports 
the conclusion that our quantum point contact 
realizes the exactly solvable Lagrangian of Eq. 
1 to a high degree of accuracy, and in particular, 
that tunneling predominantly occurs through a 
single point at the QPC rather than by multiple 
disorder-induced scattering centers. 


Near-dissipationless step-up transformer 


At the strong coupling fixed point the quantum 
point contact acts as a nearly dissipationless 
splitter, partitioning current injected on the v = 
1 edge equally between the downstream v = ; 
and the upstream v = 1 edge states (23). For T = 
©, the partitioning happens with unit proba- 
bility. In this limit, no entropy is generated and 
dissipation does not occur, leading to unity 
power efficiency (46). This contrasts with the 
more conventional case of partial transmission 
of edge modes at a quantum point contact, 
where fluctuations arising from partition noise 
lead to dissipation. The dissipationless current 
splitting property of the strong coupling fixed 
point allows us to operate our device as a 
voltage step-up transformer (23, 46). Figure 4 
shows the differential gain, ae where V; is the 
input voltage applied to the upstream v = 1 edge 
state and V, is the output voltage measured on 
the downstream v = 3 edge state with all other 
contacts grounded. The differential gain is very 
close to the theoretically expected value of 3 
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(46). Because it is built on a purely zero fre- 
quency effect, the transformer gain remains al- 
most the same even in the “direct current” (DC) 
limit, as can be seen in the behavior of the 
integrated gain, B, in comparison to its differ- 
ential counterpart. The exceptionally high power 
efficiency, which peaks at 97.6%, is a testament 
to how closely the experiment realizes the 
strong-coupling fixed point and contrasts fa- 
vorably with zero frequency voltage amplifi- 
cation based on superconductors (50, 57) and 
bilayer quantum Hall systems (49, 51). 


Discussion and outlook 


Our observation of universal chiral Luttinger 
liquid physics at both weak and strong coupl- 
ing directly paves the way for experiments on 
two dimensional systems where mesoscopic 
electrostatic control plays a key role in address- 
ing unanswered questions about strong cor- 
relations, topological order, and quantum 
statistics. Examples include even denominator 
fractional quantum Hall states observed in 
mono- (52, 53) and bilayer (38, 54, 55) gra- 
phene, where taming edge reconstruction in a 
quantum point contact may allow for un- 
ambiguous experimental constraints on the 
ground state topological order (45, 56-59). 
In addition, the flexibility inherent in anodic 
oxidation prepatterning will allow independent 
tuning of quasiparticle number, edge sharp- 
ness, and quantum point contact transparency 
in interferometer geometries where direct 
access to quantum statistics is possible (60, 67). 
Finally, gate-defined point contacts may allow 
for precision measurements of order parame- 
ters in the recently discovered crystalline 
graphene superconductors (62-64). 
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Reactive high-spin iron(IV)-oxo sites through 
dioxygen activation in a metal-organic framework 


Kaipeng Hou}, Jonas Bérgel*+, Henry Z. H. Jiang’, Daniel J. SantaLucia®“, Hyunchul Kwon’, 
Hao Zhuang” ®, Khetpakorn Chakarawet’+, Rachel C. Rohde’, Jordan W. Taylor’, Chaochao Dun®, 
Maria V. Paley", Ari B. Turkiewicz’, Jesse G. Park'4, Haiyan Mao°, Ziting Zhu2°, E. Ercan Alp®, 
Jiyong Zhao®, Michael Y. Hu?, Barbara Lavina®”°, Sergey Peredkov°, Xudong Lv’, Julia Oktawiec™, 
Katie R. Meihaus?, Dimitrios A. Pantazis*, Marco Vandone”, Valentina Colombo", Eckhard Bill°, 
Jeffrey J. Urban”, R. David Britt”"*, Fernande Grandjean”®, Gary J. Long"®, Serena DeBeer®, 
Frank Neese’, Jeffrey A. Reimer”®, Jeffrey R. Long'?5* 


In nature, nonheme iron enzymes use dioxygen to generate high-spin iron(IV)=O species for a variety 
of oxygenation reactions. Although synthetic chemists have long sought to mimic this reactivity, the 
enzyme-like activation of O2 to form high-spin iron(IV) = O species remains an unrealized goal. Here, 
we report a metal-organic framework featuring iron(II) sites with a local structure similar to that in 
a-ketoglutarate-dependent dioxygenases. The framework reacts with O2 at low temperatures to form 
high-spin iron(IV) = O species that are characterized using in situ diffuse reflectance infrared Fourier 
transform, in situ and variable-field Méssbauer, Fe KB x-ray emission, and nuclear resonance vibrational 


spectroscopies. In the presence of 02, the framework is competent for catalytic oxygenation of 
cyclohexane and the stoichiometric conversion of ethane to ethanol. 


he development of catalysts for the se- 

lective oxygenation of light hydrocarbons 

using O, remains a formidable but im- 

portant challenge in the global effort to 

develop green technologies for the valo- 
rization of natural gas components (7-3). Na- 
ture has developed mononuclear nonheme 
iron metalloenzymes that use O, for C-H 
oxygenation chemistry, such as the ubiqui- 
tous a-ketoglutarate-dependent dioxygenases 
(4). One well-studied enzyme in this class is 
taurine-a-ketoglutarate dioxygenase (TauD), 
which oxygenates one of the C-H bonds of 
taurine alpha to the sulfonate group (5). Key 
to the reactivity of TauD and its family of di- 
oxygenases is a high-spin (S = 2) Fe(IV) = O 
intermediate, which is formed following oxida- 
tion of iron(II) with O, coupled with oxidation 
and decarboxylation of the o-ketoglutarate 
co-substrate (Fig. 1A) (6, 7). Over the last sev- 
eral decades, significant research effort has 
been devoted to the design and study of iron 
(IV)-oxo species in molecular (8-17) and iron- 
zeolite (18, 19) model systems in order to better 
understand and mimic their reactivity in bio- 
logical systems. However, most examples studied 
to date feature an intermediate spin ground state 


(S = 1), and only a small number of these are 
generated using dioxygen in solution (J0-13). 
High-spin Fe(IV) = O species have been accessed 
with oxidants such as trimethylammonium-N- 
oxide, hypervalent iodine reagents, and nitrous 
oxide (74, 15, 18), as well as in the presence of O. 
with light irradiation to cleave the O-O bond 
(17). However, the use of O, alone for the gen- 
eration of high-spin Fe(IV)=O species, in a man- 
ner akin to metalloenzyme reactivity, has yet to 
be achieved in any synthetic system (6, 19, 20). 

Metal-organic frameworks have received in- 
creasing attention in recent years as attractive 
systems for studying biomimetic chemistry 
(21-23). These porous, crystalline solids are 
constructed from metal nodes and organic 
linkers and exhibit chemical and structural 
tunability unmatched in other porous mate- 
rials (24, 25). As such, metal-organic frameworks 
offer the opportunity to explore O, activation in 
solid-gas reactions, while the immobilization 
of metal sites in the lattice may serve to prevent 
the decomposition of reactive species through 
dimerization or intramolecular ligand oxidation 
pathways available to molecular compounds 
(9, 26, 27). However, reported mimics of non- 
heme iron enzymes in metal-organic frame- 


q 


works are scarce (28). In this context, Sie 


framework Fe,5Zn35Cl,(btdd)3 (Habtdd =~ 
(1H-1,2,3-triazolo [4,5-b],[4’,5’-2])dibenzo[1,4] 
dioxin) (29) stands out as a suitable biomimetic 
platform (22). This material is synthesized 
through postsynthetic iron(II) exchange in 
Zn;Cl,(btdd)3 (MFU-4) (30) and features pseudo- 
tetrahedral iron(ID sites with tris(triazolate) 
coordination reminiscent of the binding of the 
2-His-1-carboxylate facial triad in TauD. Herein, 
we report the frameworks Fe,Zns_,(prv)4(btdd)3 
(x = lor 1.8; Hprv = pyruvic acid) and FeZn, 
(moba),(btdd), (Hmoba = 3,3-dimethyl-2- 
oxobutanoic acid), which react with O» to 
generate high-spin (S = 2) Fe(IV) = O species 
that are reactive toward hydrocarbon oxygen- 
ation (Fig. 1, B and C). 


Synthesis and characterization of 
Fe,Zns_,(prv)4(btdd)3 


The frameworks Fe,Zns_,(prv)4(btdd)3 were 
prepared through post-synthetic cation exchange 

in Zn;Cl,(btdd)s using ferrous chloride and sub- 
sequent ligand exchange with pyruvate (see sup- 
plementary materials). Energy-dispersive x-ray 
(EDX) spectroscopy revealed that the iron sites 
in Fe,Zn;_,Cl,(btdd)3 are homogeneously dis- ‘ 
tributed within the materials (figs. S1 and $2), 
and inductively coupled plasma optical emission 
spectroscopy (ICP-OES) confirmed the extent 
of iron substitution. Quantitative exchange of ‘ 
chloride for pyruvate in Fe,Zn;_,(prv)4(btdd)s 

is supported by elemental analysis (see section 
1.3 of the SM). 

Powder x-ray diffraction analysis confirmed 
that the Fe,Zn,;_,(prv),(btdd); materials are crys- 
talline solids and isostructural to the parent 
MFU-4/ framework (fig. S3), and N. adsorption 
data obtained at 77 K revealed high Brunauer- 
Emmett-Teller (BET) surface areas of 2130 + 
12 and 2090 + 15 m?/g for 2 = 1and 18, respec- « 
tively (figs. S4 and S5). The 5 K Mossbauer ‘ 
spectrum of desolvated FeZn,(prv)4(btdd); fea- 
tures a major doublet [area of 84.2(8)%] with 
an isomer shift (6) of 1.061(1) mm/s and a quadru- 
pole splitting (|AEZQ|) of 2.5671) mm/s, indica- 
tive of high-spin, five-coordinate iron(II (fig. S18) 
(3D). Two minor doublets with slightly different 
Mossbauer parameters likely correspond to 
six-coordinate iron(I]) sites featuring residu- 
al coordinating synthesis solvent (table S5). 
The magnetic circular dichroism spectrum of 
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Fig. 1. Design of a metal-organic framework mimic of taurine—a-ketoglutarate dioxygenase (TauD). 
(A) Illustration of the local structure of the mononuclear nonheme iron(II) sites in TauD and generation of 
the reactive high-spin Fe(IV)=O species (TauD-J) through oxidation with O2 coupled with decarboxylation of 
the o-ketoglutarate co-substrate. (B) Illustration of the local coordination environment of the iron(II) sites 
in FeZng(prv)4(btdd)3 (R = CH3) or FeZn4(moba)4(btdd)3 (R = tBu) and observed reactivity with Oz at 

low temperatures to form an Fe(IV)=0 species coordinated by acetate or pivalate formed through the 
decarboxylation of pyruvate (prv) or 3,3-dimethyl-2-oxobutyrate (moba), respectively. (C) (Left) Illustration 
of a cubic pore within FeZna(prv)4(btdd)3 derived using single-crystal x-ray diffraction data obtained for 
Zns(prv)4(btdd)3 (fig. S15B) and (right) expanded view of the truncated structure of a cluster node of the 
framework showing the nature of the pyruvate coordination, as supported by Mossbauer, magnetic circular 
dichroism, and nuclear resonance vibrational spectroscopies. Light blue, orange, red, blue, gray, and white 
spheres represent Zn, Fe, O, N, C, and H atoms, respectively. 


FeZn,(prv),(btdd)3 collected at 5 K under a 
field of 7 T features d-d transitions around 6000 
and 14,000 cm“, which are consistent with S = 2 
iron(II) centers in a five-coordinate ligand 
field (fig. S8). Continuous-wave parallel mode 
electron paramagnetic resonance (EPR) spec- 
troscopy and dc magnetic susceptibility data 
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collected for Fe,Zn;_,(prv)4(btdd); further sup- 
port the assignment of S = 2 for the iron(II) 
sites (figs. S9 to S11). 

We turned to solid-state "H NMR spectros- 
copy to gain more insight into the possible 
binding modes of the pyruvate ligands in 
FeZn,(prv),(btdd)3. The spectrum exhibits broad 
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features owing to the paramagnetic sites, which 
preclude the extraction of meaningful infor- 
mation (fig. S12). As such, we prepared a crys- 
talline powder sample of Zn;(prv),4(btdd)3 
featuring pyruvate labeled with “°C at the 
methyl carbon. The solid-state "H NMR spec- 
trum features resonances from the protons 
of the btdd?” linker and the pyruvate methyl 
group in a ~1:1 ratio, supporting quantitative 
ligand exchange (fig. S13). We were also able 
to prepare single crystals of Zn;(prv)4(btdd)3 
(see sections 1.6 and 1.7 of the SM), and anal- 
ysis through single-crystal x-ray diffraction 
revealed that pyruvate coordinates to the pe- 
ripheral zinc(II) centers in a bidentate fash- 
ion (figs. S14B and S15B). It was not possible 
to isolate single crystals of FeZn,(prv)4(btdd)3 
through single-crystal-to-single-crystal ex- 
change starting from Zn;Cl4(btdd)3. How- 
ever, the powder x-ray diffraction patterns of : 
Fe,Zns_,(prv)4(btdd)3 are consistent with the 
simulated pattern generated for Zn;(prv),(btdd), 
from the single-crystal structure (fig. S3), which 
may indicate that the coordination mode of 
the pyruvate ligand is similar in the three 
frameworks. 


In situ DRIFTS analysis of the reactivity of 
Fe; gZn3_2(prv)4(btdd)3 with 02 


Reactivity between Fe,Zn;_,(prv)4(btdd)3 and 
Oy, was examined with variable temperature in 
situ diffuse reflectance infrared Fourier trans- 
form spectroscopy (DRIFTS) (fig. $16). For this 
purpose, we used Fe, sZn3(prv)4(btdd)3 with 
the goal of maximizing the resulting spectral 
signal whereas FeZn,(prv),(btdd)3 was used 
for the remaining spectroscopic analyses de- 
scribed below. Following dosing of a sample 
of desolvated Fe, sZn3 o(prv)4(btdd)3 with O, at 
100 K, a new absorption band gradually ap- 
peared in the DRIFTS spectrum at 2341 cm”, 
which we assign as the asymmetric C=O stretch 
of physisorbed CO, formed from decarboxyla- 
tion of pyruvate (Fig. 2A, solid lines). The intensity 
of this band increased as the temperature was 
increased to 150 and 200 K; above 250 K the 
band disappeared, consistent with CO, de- 
sorption from the framework. To verify that 
the detected CO. was derived from pyruvate 
and not from Os, we carried out an analogous 
in situ experiment using Fe, Zn39(1-C-prv)4 
(btdd); (1-"’C-prv" = pyruvate labeled with °C 
on the carboxylate carbon atom) and "80, (Fig. 
2A, dashed lines). Upon dosing with 0, at 100 K, 
a new stretch appeared at 2275 cm’, consis- 
tent with formation of the isotopologue CO, 
and not °C'*O,, confirming that the oxygen 
atoms do not originate from dioxygen. The 
#3CO, stretch grew in intensity with heating 
to 200 K and disappeared at higher tempera- 
tures. A slight deviation of the experimental 
CO, stretching frequencies reported herein from 
the values associated with gas-phase CO, (2349 
and 2284 cm’ for CO. and “COs, respectively) 
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Fig. 2. Investigation of reactivity between Fe, 3Zn3 2(prv),4(btdd)3 and O2 
using variable-temperature in situ DRIFTS. (A) Spectra obtained after dosing 
Fe; sZns3.2(prv)4(btdd)3 with 20 mbar of O2 at 100 K and gradually warming to 
298 K (solid lines). The peak at 2341 cm”! corresponds to CO» formed from 
the decarboxylation of pyruvate. This peak shifts to ~2275 cm when Fe; gZn32 
(1-3C-prv)4(btdd)3 is dosed with 80. under the same conditions (dashed lines), 
consistent with formation of the isotopologue CO>. (B) Spectra obtained as 
described in (A) showing the signature peaks for the iron(IV)=O species formed 


from the reaction between Fe, gZn3.2(prv)a(btdd)3 and O> (831 cm”) and 

Fe; Zn3.2(1-'°C-prv)4(btdd); and 180, (796 cm”). All data shown correspond to 
difference spectra obtained using the desolvated iron(II) frameworks as the 
background. Minor differences in the intensities of the absorption bands for 
the natural abundance and heavier isotopologue samples are likely due to differences 
in powder sample mass, sample distribution in the background matrix, and slight 
positioning differences in the infrared beam. (C) The reaction probed by DRIFTS, 
wherein for simplicity, FeZn4(1-°C-prv),(btdd)3 is shown to react with 805. 


can be ascribed to adsorption of the CO, within 
the pores of the framework at low tempera- 
tures. Notably, in situ powder x-ray diffraction 
data collected for FeZn,(prv)4(btdd)3 after 
dosing with O, at 100 K over the course of 
gradual warming to 298 K revealed that the 
material remains highly crystalline under these 
conditions (fig. S24). 

An absorption band was observed to grow 
in at 831 cm” upon dosing Fe,sZn3o(prv)4(btdd); 
with O, at 100 K, which we assign as an Fe(IV) = O 
stretch (Fig. 2B, solid lines). This band increased 
in intensity with heating up to 200 K before di- 
minishing significantly at 250 K and disappear- 
ing at 298 K. When the analogous experiment 
was performed with 'O,, the band shifted to 
796 cm", consistent with a stretching frequency 
of 794 cm calculated for Fe(IV) = 0 using a 
simple harmonic oscillator model (Fig. 2B, 
dashed lines). For comparison, the Fe(IV) = '°O 
and Fe(IV) = '80 stretches in TauD-J appear at 
821 and 787 cm’, respectively (32). Concomitant 
with the disappearance of the Fe(IV) = O stretch 
at 250 K, a new stretch appeared at 3628 cm * 
(fig. S17). We attribute this stretch to an Fe(III)- 
OH species arising from decomposition of the 
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Fe(IV) = O through hydrogen-atom abstraction, 
possibly from the methyl group of the newly 
formed acetate ligand (Fig. 2C). At 298 K, a 
new stretch was apparent at 3678 cm" (fig. S17), 
which may correspond to a different coordina- 
tion environment for the Fe(III)-OH species 
at higher temperatures. When '°0, was used 
for dosing, a stretch appeared at 3617 cm“, in 
excellent agreement with that calculated for 
Fe(II1)-""OH using a simple harmonic oscilla- 
tor model (3616 cm’). 


Experimental and computational investigation 
of the Fe(IV) = O spin state 


The species formed upon reaction of Fe,Zns_» 
(prv)4(btdd); with dioxygen were further inves- 
tigated by in situ Mossbauer spectroscopy (see 
section 2.9.1 of the SM). As discussed above, 
the 5 K Méssbauer spectrum of desolvated 
FeZn,(prv)4(btdd)3 features a major doublet 
indicative of high-spin, five-coordinate iron 
(II) (Fig. 3A and table S6). After dosing with 
300 mbar of O, at 100 K, this doublet persisted 
and a new doublet was apparent with 6 = 
0.260(4) mm/s and |AEQ| = 0.572(8) mm/s 


species. These parameters are similar to those 
determined for the S = 2 Fe(IV) = O inter- 
mediate of TauD (6 = 0.31 mm/s and AEg = 
-0.88 mm/s) (6, 7). A detailed comparison 
with isomer shift and quadrupole splitting 
values for other reported iron(IV)-oxos reveals 
that they are more consistent with an S = 2 
spin state (ds-2 = 0.02-0.37 mm/s; |AE@|s-2 = 
0.23-1.27 mm/s) than an S = 1 spin state (6s_; < 
0.20 mm/s; |AEQ|s-1 = 0.44-2.09 mm/s) (see 
fig. S40). Density functional theory (DFT) cal- 
culations at the B3LYP/def2-TZVP level of theory 
predict an isomer shift of 0.25 mm/s for an S = 2 
six-coordinate Fe(IV) = O moiety featuring ace- 
tate coordinated in a «*-binding mode, in ex- 
cellent agreement with the experimental value 
(tables S6 and S9). 

We considered that a slow oxidation rate at 
100 K may be a factor limiting the Fe(IV) = O 
content in O-dosed FeZn,(prv),(btdd)s. Indeed, 
the percent area of the Fe(IV) = O doublet could 
be increased up to a maximum of 20.0(2)% upon 
further dosing with of O, at 125 and 150 K. (Fig. 
3A and table S6). However, subsequent dosing 
at 163 K did not result in an increase in the 


[16.7(2)% area], which we assign to an Fe(IV) = O 
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percent of the Fe(IV) = O doublet (figs. S19 and 


3 of 7 


RESEARCH | RESEARCH ARTICLE 


FeZn,(prv),(btdd), 


After dosing 
with 300 mbar O, 
at 100 K 


After dosing 
with 300 mbar O, 
at 125 K 


Percent Transmission 


After dosing 
with 300 mbar O, 
at 150 K 


100.0 


Percent Transmission 
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Fig. 3. In situ and variable-field Méssbauer spectra. (A) In situ Mossbauer 
spectra collected at 5 K for desolvated FeZng(prv)4(btdd)3 before and after 
dosing with 300 mbar of O2 at 100, 125, and 150 K. All spectra were fit with a 
minimum number of symmetric quadrupole doublets, all of which have the same 
linewidth for a given spectrum (see fig. S22 for a timeline of the in situ dosing 
experiment). Green, blue, and dark red subspectra are consistent with iron(Il), 
iron(Ill), and iron(IV) species, respectively (B) Variable magnetic field Mossbauer 
spectra collected at 1.7 K and the indicated fields for a sample of FeZn4(moba)4 
(btdd)3 that had been dosed with 100 mbar of O2 at 100 K, held for 2 hours 
at 200 K and subsequently dosed with 200 mbar of O2 at 100 K and then 
warmed again at 200 K for 2 hours. Green, blue, dark red solid, and dark red 


$22). At these temperatures, it is possible that 
a greater quantity of Fe(IV) = O species is gen- 
erated initially but that some of these sites react 
with the acetate ligand to generate a hydroxylated 
product and reform high-spin iron(II) sites. 
Analogous intramolecular a-C-H hydroxylation 
is known for o-ketoglutarate-dependent dioxy- 
genases (33), and we discuss this possibility 
further below. Finally, spectra were collected 
at 5 K after heating the sample at 250 and 298 K 
without additional O, dosing. After warming at 
250 K, the area of the Fe(IV) = O doublet was 
only 9.7(3)% and after warming at 298 K, the 
Fe(IV) = O doublet was absent, consistent with 
the decomposition observed in the DRIFTS data 
(fig. S20). A M6ssbauer spectrum collected at 
5 K after ex situ dosing of FeZn,(prv)4(btdd)3 
with O, at 163 K revealed a slightly higher 
Fe(IV) = O content of 32.2(6)% relative to that 
achieved under in situ conditions (section 2.9.2 
of the SM and fig. S21), which may be due to 
the different conditions and the nature of 
the sample used (loose versus compact powder, 
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respectively). The sample remained crystalline 
after warming to 298 K (fig. S25) and the po- 
rosity of the framework did not change signif- 
icantly (1980 + 23 m?/g, fig. S26). 

The Mossbauer isomer shift and quadrupole 
splitting values determined for the Fe(IV) = O 
species generated in FeZn,(prv)4(btdd)3 are 
more consistent with an S = 2 than an S = 1 
spin state, although these parameters alone 
do not enable an unambiguous assignment. 
To experimentally assign the spin state, we 
turned to applied magnetic field Méssbauer 
spectroscopy (6, 17, 34). We expected that the 
low concentration of the Fe(IV) = O species 
accessible upon dosing FeZn,(prv),(btdd); with 
O, would limit data resolution. One plausible 
explanation for the low detected concentra- 
tion is decomposition of the Fe(IV) = O species 
through oxygenation of the newly formed ace- 
tate ligand (33). Such a side reaction would be 
precluded if pyruvate were replaced with an 
a-ketocarboxylate lacking a-C-H bonds. Accord- 
ingly, we synthesized FeZn,(moba),(btdd)3, 
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FeZn,(moba),(btdd), 
after dosing with 
200 mbar O, 
at 100 K, then held 
at 200 K for 2h 


1.7K 
OT 


4 2 0 2 4 6 8 10 
Velocity (mm/s) 


dotted subspectra, respectively, were modeled as S = 2 iron(II), S = °/2 iron(II), 
isolated S = 2 Fe(IV)=0 species, and S = 0 species arising from antiferromagnetic 
coupling between Fe(IV)=0 species within the same node. The spectra were 
modeled as described in the main text to extract D = 12.7(6) cm? and Aigo = 
-16.4(4) T for the uncoupled Fe(IV)=0 species (see table S13). Note, the width of 
the spectral splitting for the red trace at 7 T is smaller than has been observed 
for other S = 2 Fe(IV)=O species in the literature (~5 versus ~8 mm/s, 
respectively) (6, 17, 41). However, as demonstrated for another S = 2 Fe(IV)=0 
complex (50), a spectral splitting of about 5 mm/s can be observed if the 
hyperfine parameters are smaller than the isotropic Fermi-contact contribution of 
approximately -21 T, as is the case for FeZn4(moba),4(btdd)3 (see also fig. S36). 


which features a 3,3-dimethyl-2-oxobutyrate 
ligand with a tert-butyl group alpha to the car- 
bonyl (see section 1.8 of the SM). This material 
is isostructural to Fe,Zn;_,(prv)4(btdd); (fig. S27) 
and exhibits a comparably high BET surface 
area (fig. S28). In situ DRIFTS data collected 
for FeZn4(moba)4(btdd)3 upon dosing with O2 
at 100 K support Fe(IV) = O formation through 
decarboxylation of 3,3-dimethyl-2-oxobutyrate 
[see fig. S29; v(Fe = O) = 828 cm“, v(Fe = 80) = 
794:cm™'], consistent with data discussed above 
for FeZn,(prv)4(btdd)s. 

The zero-field Mossbauer spectrum of FeZn, 
(moba),(btdd)3 collected at 5 K features a major 
doublet assigned to high-spin, five-coordinate 
iron(II) (fig. S31 and table S10). Following a 
sequence of in situ dosing with O, at 100 K and 
heating at 200 K, a new quadrupole doublet was 
apparent in the 5 K Mossbauer spectrum with 
5 = 0.292(1) mm/s and AEg = —0.603(1) mm/s 
[61.7(1)% area], assigned to the Fe(IV) = O spe- 
cies (fig. S31; the sign of the quadrupole splitting 
was determined from variable-field Méssbauer 
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data, see section 2.12 of the SM). This relative 
area is significantly larger than the maximum 
relative area of in situ O2-dosed FeZn,(prv)4 
(btdd)3 [21.10)%], supporting our hypothesis 
that intramolecular ligand oxygenation may be 
limiting the Fe(IV) = O content. Variable-field 
Mossbauer spectra were subsequently collected 
for Oo-dosed FeZn,(moba),(btdd)s at 1.7 K under 
fields ranging from 0 to 7 T and at temperatures 
from 1.7 to 40 K under a field of 7 T (Fig. 3B 
and fig. S33; see section 2.12 of the SM). Spec- 
tra were also collected for FeZn,(moba),(btdd) 
3 at temperatures <5 K and fields ranging from 
0 to 7T (fig. S32) to obtain fixed parameters for 
modeling the residual iron(II) species for the 
O.-dosed material (table S12; see section 2.12.2 
of the SM). 

Consistent with the zero-field Méssbauer 
spectrum collected at 5 K, the zero-field spectrum 
for O2-dosed FeZn,(moba),4(btdd)3 collected 
at 1.7 K could be fit with three subspectra, cor- 
responding to an S = 2 iron(II) component, an 
iron(IID species, and an Fe(IV) = O component 
(Fig. 3B). The isomer shift of this Fe(IV) = O spe- 
cies is consistent with reported S = 2 iron(IV)-oxo 
species in the literature (fig. S40); however, both 
S =1and S = 2 models were considered in fit- 
ting the variable-field and variable-temperature 
data. Initial attempts to simultaneously fit the 
variable-temperature data collected under a 
7T field using this three subspectra model did 
not fully account for the total spectral intensity. 
We found that inclusion of a fourth subspectrum, 
assigned to an S = O species and likely arising 
from antiferromagnetically coupled Fe(IV) = O 
sites within the same cluster node, affords a 
good fit to the data (see section 2.12.3 of the 
SM). Although ICP-OES analysis predicts a 
distribution of one iron site per cluster on av- 
erage, we cannot exclude a distribution where- 
in some clusters feature two iron centers per 
cluster, some feature a single iron center, and 
other clusters contain zero iron sites. 

Simultaneous modeling of the variable-field 
and variable-temperature spectra was per- 
formed through diagonalization of the spin 
Hamiltonians for the four subspectra to obtain 
values of the zero-field splitting (D) and hyper- 
fine coupling parameters (A,,, Ayy, A;,) for the 
uncoupled Fe(IV) = O species when assigned as 
either S = 2 or S = 1 (see section 2.12.3 of the SM 
for details and tables S13 to 15). Although the 
data could be fit with an S = 2 or S = 1 model 
(Fig. 3B and figs. S33 to S35), only the results for 
the S = 2 model are chemically reasonable based 
on a comparison with reported Fe(IV) = O species. 
The best model for the S = 2 Fe(IV) = O species 
yielded D = 12.7(6) cm™ and dig, = —16.4(4) T 
(table $13), parameters that are in excellent 
agreement with those reported for S = 2 Fe(IV) = O 
species (Ds_» = 4-14 cm, disocs-2) = -23 to -16 T) 
(7, 35). By contrast, the best model for S = 1 
Fe(IV) = O sites yielded values that are signifi- 
cantly different from those reported previously 
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for S = 1 Fe(IV) = O species (table S14) (35-37). Fur- 
thermore, the signs and relative magnitudes of 
the spin-dipole contribution Asp to the hyper- 
fine coupling tensor are only consistent with an 
S = 2 spin ground state (see section 2.12.4 of 
the SM). 

Additional experimental support for the S = 2 
assignment for the Fe(IV) = O species was ob- 
tained from Fe Kf x-ray emission spectroscopy 
(XES; section 2.13 of the SM). Iron KB XES 
involves the measurement of 3p to 1s emis- 
sions and because of the Fe 3p-3d exchange 
contributions to the final state, the relative 
intensities and energies of the KB mainline 
features—the Kf’ and Kf, 3 peaks—are diag- 
nostic of the local iron spin state (38-40). High- 
spin states typically give rise to more intense 
Kf’ features and larger separations between 
the K®’ and KB; peaks than low-spin states 
(39). The XES spectra for S = 2 FeZn,(moba), 
(btdd)3 and a sample of the framework dosed 
ex situ with O, are given in fig. S39, along with 
a representative spectrum for a reported mo- 
lecular compound featuring an S = 1 Fe(IV) = O 
(40). The spectra for pristine and O,-dosed 
FeZn,(moba),(btdd); nearly overlay and feature 
an intense Kf’ peak, consistent with the domi- 
nant presence of S = 2 iron sites in both mate- 
rials. By contrast, there is no clear KB’ peak in the 
S=1Fe(IV) = O spectrum, and the Kf, 3 peak 
appears at a lower energy than in the spec- 
trum for O,-dosed FeZn,(moba),(btdd)s. 

Finally, we used DFT to calculate Méssbauer 
isomer shifts for the model cluster Fe(O)(k?- 
OPiv)Zn,(prv)3(bta)g (OPiv , pivalate formed 
upon moba decarboxylation; bta , benzotria- 
zolate) featuring an S = 2 or S = 1 ground state. 
Geometry optimizations were performed at 
the BP86-D3BJ/def2-TZVP level of theory. For 
the S = 2 optimized geometry, 5.1. = 0.27 mm/s 
is in excellent agreement with the experimen- 
tally determined isomer shift [5 = 0.292(1) mm/s], 
whereas the isomer shift calculated for S = 1 
deviates significantly from the experimental 
value (Scale = 0.16 mm/s) (table S11). Further- 
more, CASSCF calculations in combination with 
N-electron valence perturbation theory to second 
order (NEVPT2) support the assignment of an 
S = 2 ground state, which is predicted to be 
25 kcal/mol more stable than the lowest en- 
ergy S = 1 configuration (see section 3 of the 
SM and fig. S41). Altogether, the Méssbauer, 
Fe KB XES, and computational data clearly 
support the assignment of an S = 2 ground 
state for the Fe(IV) = O sites formed upon 
oxidation of FeZn,(moba),(btdd)3. 


Investigation of the local Fe(IV) = 0 
coordination environment using nuclear 
resonance vibrational spectroscopy 


Nuclear resonance vibrational spectroscopy 
(NRVS) was used to gain further insight into 
the local structure of the Fe(IV) = O species (see 
section 2.7 of the SM). This technique selec- 
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tively yields the complete set of vibrational 
modes of Méssbauer-active nuclei and can there- 
fore provide structural insights not accessible 
using other spectroscopic methods. Figure 4, A 
and B respectively, show the iron partial vibra- 
tional density of states (PVDOS) distributions 
obtained from data collected at ~100 K for de- 
solvated 95% °*’Fe-enriched FeZn,(prv),(btdd)3 
before and after ex situ O-dosing at 163 K. A 
new peak at 822 cm for the O.-dosed sample 
was assigned to an Fe(IV) = O vibration and is 
similar in magnitude to NRVS peaks reported 
for other nonheme Fe(IV) = O species in synthetic 
systems (41, 42, 43). In support of this assign- 
ment, when "80, was employed for dosing, the 
vibration appeared instead at 788 cm” (Fig. 4B, 
inset; figs. S44 and S47). Consistent results were 
obtained from PVDOS distributions obtained 
for °’Fe-enriched FeZn,(moba)4(btdd)3 after 
dosing with O, or 180, (fig. $50), which fea- 
ture peaks at 820 and 789 cm’, respectively. 
The Fe(IV) = O peak was absent in the PVDOS 
distribution obtained for both frameworks 
after warming to 298 K (figs. S43 and S51). 
Using the truncated cluster FeZn,(prv),(bta)¢ 
as amodel for FeZn,(prv),(btdd)3, we performed 
DFT calculations to simulate the NRVS iron 
PVDOS for the framework before and after O5 
dosing (Fig. 4, A and B, dark gray curves). The 
intense stretch at 330 cm’ predicted for the 
model iron(II) framework corresponds to vibra- 
tions associated with bidentate pyruvate binding. 
Differences in the predicted and experimental 
intensities likely arise because the cluster 
model cannot fully describe the phonons of the 
framework lattice. For the O.-dosed sample, 
stretches at 282 and 340 cm” are assigned as 
Fe-O vibrations resulting from k”-binding of 
the acetate ligand (Fig. 4C). By contrast, Fe-O 
vibrations associated with x’-binding of ace- 
tate are predicted to appear at higher wave 
numbers (>4.00 cm’) (figs. S45 and $46). The 
calculated Fe(IV) = O stretch is higher than the 
experimental stretching frequency (919 versus 
822 cm’), likely because of a known systematic 
overestimation by DFT at these higher energies, 
which is less pronounced at lower energies 
(44). Finally, simulated NRVS iron PVDOS 
were also generated for pristine and Oj-dosed 
FeZn,(moba),(btdd)3 from DFT calculations on 
the truncated S = 2 cluster models Fe(moba) 
Zn4(prv)3(bta)g and Fe(O)(«?-OPiv)Zn4(prv)3 
(bta)g, and the results are in good agreement 
with the experiment (figs. S48 and S49). 


Reactivity studies 


We evaluated the reactivity of Fe,Zns_,(prv)4 
(btdd)3 with hydrocarbon substrates in the 
presence of O4. Desolvated FeZn,(prv)4(btdd)3 
was suspended in cyclohexane and exposed to 
one bar of O, at 21°C for 24 hours. Subsequently, 
CH;CN-d; was added to extract the products, 
along with CH.Br, as an internal standard. 
Analysis of the resulting supernatant using 'H 
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Fig. 4. Nuclear resonance vibrational spectroscopy (NRVS). (A) Iron partial 
vibrational density of states (PVDOS) distribution of °’Fe-enriched, desolvated 
FeZna(prv)4(btdd)3 from NRVS data collected at ~100 K (green) and DFT 
computed Fe PVDOS for FeZna(prv)4(bta)¢ (dark gray). (B) Iron PVDOS 
distribution of °’Fe-enriched, desolvated FeZna(prv)4(btdd)3 obtained from NRVS 
data collected at ~100 K after dosing with 200 mbar of O2 at 163 K (dark red) 


NMR spectroscopy and GC-MS revealed the for- 
mation of cyclohexanol (22% NMR yield with 
respect to the iron sites in the framework) with 
no detectable cyclohexanone (see section 1.9.1 of 
the SM and figs. S53 and S54). Mossbauer spectros- 
copy analysis of the framework isolated follow- 
ing this reaction revealed only iron(II) species 
(fig. S56). The same stoichiometric reaction was 
also carried out using FeZn,(moba),(btdd); in 
the presence of O, (1 bar, 21°C), and analysis of 
the resulting supernatant using 1H NMR spec- 
troscopy and GC-MS revealed the formation 
of only cyclohexanol (51% NMR yield) (see sec- 
tion 1.11.1 of the SM and figs. S59 and S60). A 
stoichiometric control reaction between cyclo- 
hexane and FeZn,,Cl,(btdd); in the presence of 
O, did not yield any hydrocarbon oxidation 
products (figs. S57 and S58). 

In order to establish the direct role of the 
Fe(IV) = O species in C-H oxygenation, we sought 
to perform a stoichiometric reaction using a 
framework sample in which the Fe(IV) = O spe- 
cies were generated before the addition of sub- 
strate. A sample of FeZn,(prv),(btdd)3 was dosed 
with 200 mbar O, at 163 K and after 2 hours the 
sample headspace was evacuated and refilled 
with Ar; a mixture of cyclohexane and CD.Cl, 
was then added. The suspension was then 


Hou et al., Science 382, 547-553 (2023) 


Oo-dosed framework. 


warmed to 195 K and held for 2 hours and then 
allowed to warm to 294 K. Under these condi- 
tions, no cyclohexane oxidation products were 
detected through ‘H NMR spectroscopy. When 
a similar reaction was performed using FeZn, 
(moba),(btdd), (see section 1.11.2 of the SM), ‘H 
NMR spectroscopy and GC-MS analysis of the 
resulting supernatant revealed the formation 
of cyclohexanone (figs. S61 and S62; 48% NMR 
yield). The ultimate formation of cyclohexanone 
in this case—in contrast to cyclohexanol formed 
in the reaction conducted at 21°C—is attributed 
to the lower reaction temperature and slower 
diffusion of cyclohexanol out of the framework 
pores, which is then further oxidized to cyclo- 
hexanone (see section 1.11 of the SM) (45). 
When the cyclohexane oxidation reaction 
with FeZn,(prv),(btdd)3 was repeated with the 
addition of 11 equivalents of pyruvic acid, cyclo- 
hexanone and cyclohexanol were obtained in 
a 2:1 ratio (combined yield of 173%) (see section 
1.9.2 of the SM and fig. S64). Powder x-ray 
diffraction analysis of the solid isolated from 
this reaction confirmed that the framework 
remains crystalline (fig. S65). Notably, this result 
suggests that FeZn,(prv)4(btdd)3 can act as a 
catalyst in hydrocarbon oxidation reactions 
using the free o-keto acid as a co-substrate, 
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and DFT-computed PVDOS distribution for ~70% FeZng(prv)4(bta)g and ~30% 
of Fe(O)(x*-OAc)Zna(prv)3(bta)¢ (dark gray). The inset shows a shift of the 
Fe(IV)=0 vibration to lower wave numbers (A = 34 cm™) when °0> is used 
(light blue, see also fig. S46). Vertical lines indicate the individual vibrational 
transitions. (C) Assigned vibrational modes of FeZng(prv)4(btdd)3 and the 


presumably through a similar catalytic cycle 
as proposed for TauD (fig. S71) (6). We found 
that acetic acid byproduct is formed in this 
reaction in 288% yield with respect to the iron 
sites, which suggests 115% of pyruvic acid con- 
version to unidentified products. Such un- 
productive turnover at some of the iron sites is 
consistent with the relatively low yield in the 
stoichiometric reaction. A number of studies 
of synthetic and enzymatic systems have estab- 
lished that C-H bond activation by Fe(IV) = O 
species proceeds through H-atom abstraction, 
as evidenced by large primary kinetic isotope 
effects (KIEs) (45, 46). Consistent with these 
results, we determined an intermolecular com- 
petition KIE value of 29.8 + 1.0 from the reaction 
of FeZn,(prv),(btdd)3 with a mixture of cyclo- 
hexane and cyclohexane-djz under an atmosphere 
of O, (see section 1.10 of the SM and figs. S66 
and S67). 

The reactivity of Fe, sZn3 o(prv)4(btdd)s in the 
presence of O, was also evaluated using gaseous 
ethane as a substrate in a high-pressure batch 
reactor (section 1.12 of the SM). Using a high- 
pressure mixture of ethane and dioxygen, ethanol 
and acetaldehyde were obtained in a 3:1 ratio 
with a high combined yield of 82% (fig. S68). 
This yield is much higher than that obtained in 
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the stoichiometric cyclohexane oxidation, likely 
due to the high ethane concentration close to 
the iron sites under high pressure. Although 
there are enzymatic systems capable of oxidizing 
ethane to ethanol with O, (47), our result is 
the first synthetic example of ethane oxida- 
tion through an unambiguously characterized 
S = 2 Fe(IV) = O intermediate generated by O5. 


Outlook 


We have developed the frameworks Fe,Zn;_» 
(prv),(btdd)3 and FeZn,(moba),(btdd), featuring 
iron(II) sites that activate O, at 100 K to form 
high-spin Fe(IV) = O species, reactivity that is 
reminiscent of O, activation in TauD. These 
frameworks are rare non-enzymatic systems 
capable of catalytic hydrocarbon oxygenation, 
including the oxidation of ethane to ethanol, 
through a reactive high-spin Fe(IV) = O inter- 
mediate generated from dioxygen. This work 
establishes a foundation for the development 
of iron-containing metal-organic frameworks 
as heterogeneous catalysts that closely mimic 
the reactivity of metalloenzymes. 
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Supermassive black hole feeding and feedback 
observed on subparsec scales 


Takuma Izumi+?**, Keiichi Wada*>°, Masatoshi Imanishi**, Kouichiro Nakanishi2°, 
Kotaro Kohno”®, Yuki Kudoh'*°, Taiki Kawamuro?°, Shunsuke Baba‘, 
Naoki Matsumoto, Yutaka Fujita’, Konrad R. W. Tristram” 


Active galaxies contain a supermassive black hole at their center that grows by accreting matter from 
the surrounding galaxy. The accretion process in about the central 10 parsecs has not been directly 
resolved in previous observations because of the small apparent angular sizes involved. We observed the 
active nucleus of the Circinus Galaxy using submillimeter interferometry. A dense inflow of molecular 
gas was evident on subparsec scales. We calculated that less than 3% of this inflow is accreted by the 
black hole, with the rest being ejected by multiphase outflows, providing feedback to the host galaxy. 
Our observations also reveal a dense gas disk surrounding the inflow that is gravitationally unstable, 
which drives the accretion into about the central 1 parsec. 


upermassive black holes (SMBHs), those 

with masses Mpy > 10° Mo (where Mg is 

the mass of the Sun), are ubiquitous in the 

centers of nearby galaxies (7, 2). SMBHs 

grow by accreting mass from the sur- 
rounding galaxy (3), which releases energy that 
can be observed as an active galactic nucleus 
(AGN) (4). Major mergers of gas-rich galaxies 
trigger intense SMBH accretion and bursts of 
star formation (5, 6). More gradual (secular) pro- 
cesses such as perturbations caused by non- 
axisymmetric gravitational potentials and minor 
mergers (7, 8) are predicted to be sufficient to 
sustain lower-luminosity AGNs, such as those 
classified as Seyfert galaxies. 

Previous observations have shown that mate- 
rial can be efficiently supplied from the inter- 
stellar medium of an entire galaxy to its central 
region [the central ~100 parsecs (pc), ~1% of 
the size of the galaxy] (9). Resolved observa- 
tions of this central region using molecular 
and atomic lines (J0-12) have shown that the 
accumulated gas often forms a circumnuclear 
disk (CND) because of its retained angular mo- 
mentum. Submillimeter observations have been 
used to study the parsec-scale molecular gas in 
nearby galaxies (13, 14). However, little is known 
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about the supply of material to the innermost 
tens of parsecs [particularly within a radius from 
the center (7) < 10 pc] in AGNs, where SMBHs 
usually dominate the gravitational potential (2). 
An exception is the nearby active galaxy NGC 
1068, in which the subparsec-scale H,O maser 
disk and the ~10-pc scale molecular torus have 
been found to counter-rotate, and this was 
proposed to enhance mass accretion onto its 
SMBH (J5, 16). However, similar dynamics have 
not been observed in other AGNs, so they 
might not be common (JJ). Previous observa- 
tions of cold gas have not provided quanti- 
tative estimates of the mass accretion rate at 
r<10pe. 

Absorption line measurements provide com- 
plementary information on the supply of gas to 
SMBHs because they are sensitive to gas clouds 
along our line of sight toward the bright AGN. 
These can directly determine inflow and out- 
flow velocities from the red and blue shift of 
each line relative to the systemic velocity. 
Absorption line observations have shown that 
some AGNs have inflows of gas (17, 18). How- 
ever, whereas some absorbers have been inter- 
preted as being located near the central AGN 
(r < 100 pc), this interpretation has been chal- 
lenged (19) because those studies were limited 
by the spatial resolution (~100 to 1000 pc) of 
the observations. 

AGN-driven feedback affects star formation 
in the host galaxy (20, 27). The supply of mate- 
rial to the SMBH is known to trigger this feed- 
back, although it has not been possible to 
quantitatively connect the gas supply to the 
subsequent feedback, especially the multiphase 
structure and dynamics of the gas at the parsec 
scale around AGN (9, 20). 


Observations of the Circinus Galaxy 


To investigate parsec-scale feeding and feed- 
back, we considered the Circinus Galaxy (also 
known as ESO 97-13), a nearby AGN (dis- 
tance 4.2 + 0.7 Mpc) (22). The active nucleus 
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luminosity (at energies 2 to 10 keV) of (~--2 
5) x 10%? ergs’, which is heavily obscured by 
gas and dust (23). Around the SMBH, there 
is a subparsec-scale gas disk, probed by H,O 
maser emission, that has been used to mea- 
sure the dynamical mass of the SMBH as (1.7 + 
0.3) x 10° Mo (24). Other observations have 
shown a one-sided outflowing cone of ionized 
gas that extends for up to a kiloparsec (25-27). 
Previous submillimeter observations of car- 
bon monoxide (CO) and atomic carbon ([C 1]) 
showed a gas-rich CND (7 ~ 30 pc) with a denser 
gas concentration toward the inner 10 pc (7, 28). 
High-resolution ionized gas observations have 
been performed in the rest-frame optical and 
near-infrared wavelengths (25-27), but they 
are affected by dust extinction in the nucleus 
region. 

We performed observations of the Circinus _ 
Galaxy with the Atacama Large Millimeter/ 
submillimeter Array (ALMA) radio telescope 
(29) at a spatial resolution of 0.5 to 2.6 pc. We 
supplemented our observations with addition- 
al archival ALMA data. The combined dataset 
targeted emission lines of hydrogen cyanide 
HCN (J = 3-2, where J is the rotational 
quantum number) at rest frequency (Vyest) = 
265.8864 GHz, a recombination line of atomic 
hydrogen (H36q) at vVres; = 135.2860 GHz, CO 
(UJ = 3-2) at Vrest = 345.7960 GHz, and [C 1] 
3P—?Po at Vrest = 492.1607 GHz. For each line, 
we calculated the critical density (n,,) at which 
the molecule can be excited to the upper en- 
ergy state of the line by collisions with H, 
molecules, in the optically thin limit as n,, = 
Ayy/C,,,, where A,; and C,, are the Einstein A 
and C coefficients of a transition between the 
upper state (w) and lower state (J). HCN VU = 
3-2) traces very dense molecular gas (Ne = 
5.8 x 10° cm™® at 50 K), so we expected it to 
probe parsec-scale dense flows more effectively 
than low-J CO lines (which have 7; ~ 10° to 
10* cm~*). We expected the H36za line to trace 
feedback flows of ionized gas. The CO VJ = 
3-2) and [C 1] °P)-*Po lines traced medium- 
density molecular gas (7, = 1.1 x 10* cem™ at 
50K) and diffuse atomic gas (ne = 3.7 x 10? cm™), 
respectively. These submillimeter lines allowed 
us to study the parsec-scale gas in multiple 
phases and densities without it being obscured 
by dust extinction. 

Figure 1 shows the [C 1] °P,-*Pp and CO (J = 
3— 2) observations, which trace the global spiral 
arms of the host galaxy that converge to form 
the CND. Compared with CO (J = 3-2), [C 1] 
3P,-°P, is more concentrated in the central 
region (Fig. 1A), perhaps caused by dissociation 
of CO into C by the x-ray radiation from the 
AGN (a central x-ray-dominated region) (29-3). 
The map shows a parsec-scale compact concen- 
tration of HCN (VJ = 3-2) in the inner region 
(Fig. 1C; the central hole is caused by contin- 
uum absorption). We expected such dense 
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Fig. 1. Observed spatial distributions of multiple gas phases. (A) Atomic gas 
traced by [C 1] 9P,-*Pp (uncertainty 1c = 0.088 Jy beam km s~) in the central 
7 arcsec (~140 pc) of the Circinus Galaxy. The white box indicates the region 
shown in (C) and (D). (B) Medium-density gas traced by CO (UJ = 3-2) (lo = 
0.055 Jy beam™ km s~) on larger scales. The white square indicates the region 
shown in (A). (C) Dense molecular gas traced by HCN (J = 3-2) (1o = 0.017 Jy 


molecular gas to survive the x-ray irradiation 
because it is predominantly in the shielded 
midplane of the disk (the proposed geometrical 
structure is shown in Fig. 2E). Lower-density 
gas (traced by low-J CO) is located above the 
midplane, so it is more easily dissociated. The 
parsec-scale distribution of H36a traces the 
ionized gas without severe dust extinction 
(Fig. 1D). A one-sided hornlike structure 
extends almost perpendicular to the HCN 
disk, toward the northwest (the middle posi- 
tion angle of the emission extended to the 
northwest is 313°, measured counterclockwise 
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09.94s 


21.1" 


14h13m09.93s 09.97s 


beam? km s+ contours 


from north). This direction, as well as the half- 
opening angle (~33° to 39°) of the H36a cone, 
are consistent with the larger kiloparsec-scale 
ionization cone seen in previous observations 
(25, 26). 


The parsec-scale inflow rate 


To estimate the mass inflow rate onto the SMBH, 
we first needed to constrain the geometry of 
the disk. Figure 2A shows that the velocity 
pattern of the CND is dominated by rotation. 
We used this map to measure the position 
angles of the CND-scale kinematic major and 
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09.96s 
Right Ascension (ICRS) 


09.95s 09.94s 14h13m09.93s 


are drawn at 5c, 10, and 150). (D) lonized gas traced 


by H36a (black contours, drawn at 30, 3.56, 56, 7c, and 100, where 

1o = 0.040 Jy beam™ km s~). The white contour is the 56 contour of HCN 

(J = 3-2) from (C). In all panels, the plus sign indicates the AGN position 
and the ellipses at the bottom left indicate the synthesized beam sizes. The 
coordinates are expressed in the International Celestial Reference System (ICRS). 


minor axes, finding 210° and 300% respec- 
tively. The parsec-scale velocity pattern in the 
HCN (J = 3-2) map (Fig. 2B) indicates rota- 
tion following Keplerian orbits. This motion is 
evident within 0.1 arcsec (equivalent to 2 pc) 
from the SMBH in position-velocity diagrams 
(PVDs) of both HCN (J = 3-2) and [C 1] 2P;-*Po 
measured along the CND-scale major axis 
(Fig. 2C). This Keplerian motion is more 
prominent in the blue approaching side of 
the HCN disk than the red receding side, 
implying asymmetric gas mass distribution at 
the parsec scale. 
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Fig. 2. Kinematic properties of the observed gas. (A) Line-of-sight velocity 
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CN VU = 3-2) (red contours at -30, 30, 50, 66, 76, and 100, where lo = 


H 
(color bar) measured from the [C 1] 3P;—°Pp data, with dashed arrows indicating 0.68 mJy beam”). The horizontal dashed line indicates the systemic velocity 


the kinematic major and minor axes as labeled. Fig. S3A shows an equivalent plot 
for CO UJ = 3-2). (B) Parsec-scale velocity field measured from the HCN 


of 446 km s+. (D) Rotation curves of each of the gas tracers, as indicated in the 
legend. The green dashed line is a model of Keplerian motion due to a central 


(J = 3-32) data. The absorption component close to the AGN was masked out.In —_ black hole of mass 2.0 x 10° Mo, which was fitted to the data at r < 2 pe. 


(A) and (B), black contours start at 360 km s™ and are separated by steps of 


20 km s7. Black ellipses at the lower left indicate the 


beam sizes. (C) Major-axis 


(E) Radial profile of the ogisp/Vrot ratio, which is a proxy for the disk aspect ratio, 
for the same gas tracers. Near the AGN, the HCN (J = 3-2) disk is much thinner than 


PVDs of [C 1] 9P;—°Po (grayscale, 1o = 1.26 mJy beam”) and beam-matched the [C i] °P,-°Po disk. In panels (D) and (E), error bars indicate 1o uncertainty. 


We modeled the three-dimensional structure 
of these multiphase gases using a tilted-ring 
scheme (32) that decomposes the rotation veloc- 
ity (V;or) and random dispersion (Gqisp) (29). 
Figure 2D shows the decomposed rotation 
curves of CO (J = 3-2), [C 1] ?P,-?Po, and HCN 
(J = 3-2) in the central 7 < 15 pe. The rotation 
curves of CO (J = 3-2) and [C 1] ?P,-*Po are 
consistent with each other and smoothly con- 
nect to those previously measured over larger 
scales of 7 = 10 to 150 pc (12). The [C 1] #P,-?Po 
and HCN (VJ = 3-2) rotation curves indicate a 
Keplerian rotation pattern following a power 
law (velocity «< 7”) with index n = 0.46 + 0.06. 
We estimated the SMBH mass from these curves, 
finding (2.0 + 0.1) x 10° Mo, which is consistent 
with previous HO maser observations (24). 

Figure 2E shows the radial profiles of the 
ratiO Gaisp/Vrot for each line, which are proxies 
for the aspect ratio (scale height to radius ratio) 
of the disk, assuming hydrostatic equilibrium. 
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In the innermost region, within a few parsecs 
of the SMBH, the diffuse atomic gas (traced 
by [C 1]) forms a geometrically thick structure, 
whereas the dense molecular gas (traced by 
HCN) is confined in a thin disk. This confirms 
our expectation that the dense molecular gas is 
predominantly in the midplane of the disk, where 
inflows toward the SMBH are expected (33). 
We identified inflow motion in the HCN (J = 
3—>2) spectrum measured at the position of the 
AGN (Fig. 3A), which displays a deep contin- 
uum absorption feature close to the systemic 
velocity (V.,;), aS well as emission at velocities 
< 390 kms“. This absorption feature is skewed 
toward the redder side of V;,,, consistent with an 
inverse P-Cygni profile (a redder absorption and 
bluer emission pattern), which is characteristic 
of inflows. Because the dense gas forms a thin 
disk, and this disk is nearly edge-on (at least at 
the scales of the HO maser disk), we fitted this 
profile with a two-layer infall model (29, 34), 
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which indicated an inflow velocity of 7.4 + 
1.0 km s 1. Assuming that the volume-averaged 
gas density 745 equals the range of HCN VU = 
3-2) critical densities [n,, = (5.8 to 10) x 
10° cm ® over a temperature range of 20 to 50 K], 
we estimated the mass inflow rate as ~0.20 to 
0.34 Mo year” at r = 0.27 pc (half the spatial 
resolution). This inflow rate is sufficient to sus- 
tain the luminosity of the AGN [the SMBH 
accretion rate is ~0.006 Mo year’ (29)). 

An alternative interpretation of the HCN 
(J = 3-2) absorption is that it is caused by a 
dense cloud on an elliptical orbit around the 
SMBH. Such elliptical orbits have been fre- 
quently observed on larger galactic scales but 
become less stable in the inner part of a galaxy 
because of the many overlapping gas cloud 
orbits. If the system is globally stable, then fre- 
quent collisions and tidal interactions between 
gas clouds would disrupt the clouds. As a result, 
we expected a smooth circumnuclear disk with 
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Fig. 3. Spectra at the AGN position and our inferred geometry of the multi- 
phase gas flows. (A) HCN (J = 3-42) spectrum (black histogram with orange 

shading) measured at the AGN position, overlain with an infall model 
B) H36a (red histogram with orange shading) and CO VJ 
(blue dashed line) spectra at the same position, normalized by their 
The Gaussian FWHM is 393 + 44 km s™ for H36a and 115 + 1 km s™ for CO 
In panels A and B, vertical dotted lines indicate V.y.. (C) 
PVDs of CO (J = 3-32) (grayscale, lo = 0.78 mJy beam) and [C1 
90o, where lo = 1.26 mJy 
beam’). The black arrows indicate outflow features discussed in the text. 

(D) Schematic diagram showing a cross-section of the geometry we 
parsec-scale multiphase gas flows. The large scale spiral arms converge to form 


line) (29). 


(J = 352), 


(red contours drawn at —3o, 30, 50, 106, 206 


density fluctuations, with nearly circular rota- 
tion, and with self-regulated turbulence contrib- 
uting to the viscosity of the gas (35). In the 
central parsec-scale region of the Circinus 
Galaxy, the expected mean free path of the 
clouds is much smaller than the disk size, so 
any clouds on elliptical orbits would collide 
with another cloud or be tidally disrupted many 
times within even a single orbit (29). The HCN 
(J = 3-2) rotation curve is consistent with 
Keplerian rotation, implying that most orbits 
in this region are circular. We saw no evidence 
of a nuclear bar, which could introduce ellip- 
tical motions. Therefore, we considered the 
elliptical orbit scenario to be unlikely and thus 
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concluded that the HCN (VJ = 3-2) profile 
indicates inflow motion. 


Connection to larger scales 


The hornlike H36qa distribution and its broad 
line width [the Gaussian full-width at half- 
maximum (FWHM) is 393 + 44 km s”; Fig. 3B] 
indicate a parsec-scale origin of the ionized 
outflow. The line profile of H36a is almost 
symmetric, indicating detection of both the 
receding and approaching sides of the ioniza- 
tion cone. By contrast, previous near-infrared 
coronal line profiles showed only blue tails, with 
velocities consistent with our H36a data (27), 
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the CND we observe in CO (J = 3-2) (thick red bands). At the central parsec 
scale, there is a dense molecular gas disk (purple bands) traced by HCN (J = 3-2), 


(black dashed arrow). This dense disk connects to the 


HzO maser disk at the central subparsec scale (thin red line). Fast ionized out 


lue bands) and slow atomic outflows observed in 


[C 1] 9P:-?Po (green bands) occur above the disk. The atomic outflow is slower 
so will fall back to the disk (labeled “backflow”). Previously reported mid-infrared 


polar direction (33) is interpreted as dust entrained by 


these winds (orange bands). The dense molecular disk is gravitationally unstable in 
the inner parsec (Fig. 4), which drives the accretion and consequent feedback. 
in each phase (colored arrows) are labeled on the left of 


indicates our line of sight. 


obscured by dust in the earlier observations. 
The submillimeter H36a recombination line 
is much less affected by dust extinction, so it 
probes both sides of the cone. Using the pre- 
viously constrained electron temperature of the 
circumnuclear region (29) and assuming local 
thermodynamic equilibrium, we estimated the 
volume-averaged electron density of this region 
to be ~7400 cm? (29). We measured the outflow 
velocity from the line profile (~200 km s~’) and 
then used it to estimate the ionized outflow 
rate as ~0.04 Mo year '. The kinetic power of 
this outflow (~5 x 108 erg s~’) corresponds to 
0.001% of the AGN bolometric luminosity, 


presumably because the receding side was 
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which is considerably smaller than predicted 
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Fig. 4. Gravitational stability of the dense gas disk. (A) Radial profiles of the Toomre-Q parameter, 
plotted for two assumed values of the gas volume density (see legend). The horizontal dashed line indicates 
the critical value for stability, Q = 1. Error bars indicate lo uncertainty. (B) Same as panel A, but zoomed on 


the region r > 0.8 pc and Q <1. 


by some AGN-feedback models, e.g., ~5% in the 
energy-conserving feedback model (20). 

Our measured inflow and outflow rates imply 
that only small fractions of the inflowing mass 
are consumed by black hole growth (< 3%) or 
expelled in the ionized gas outflow (< 20%). 
Therefore, the majority (>80%) of the inflowing 
mass must be converted to outflows in other 
gas phases. The two [C 1] ?P,-*P, peaks in the 
minor-axis PVD (offset ~0.1 arcsec, equivalent to 
2 pc), where CO (J = 3-2) becomes fainter, are 
offset from the V.,, (446 km s~') by ~15 km s™* 
(Fig. 3C). Considering the orientation of the 
Circinus Galaxy [southeast is the near side (17)], 
these offset components indicate outflows of 
atomic gas. The faint CO emission in that loca- 
tion might be caused by weak molecular out- 
flows. The maximum [C 1] ?P,-®P, outflow 
velocity (~40 km s “) is slower than the escape 
velocity from the SMBH gravitational poten- 
tial at this scale (29). Therefore, we expected 
these outflows visible in [C 1] ?P,-*P to stall 
and become backflows to the CND, causing 
additional turbulence that could support the 
geometrical thickness of the atomic gas disk 
(33). Figure 3D summarizes the multiphase 
gas flows that we identified. 


Physical process driving the accretion 


To determine the physical process responsible 
for the accretion seen in the HCN (J = 3-2) 
profile, we first considered turbulent viscosity 
in the dense gas disk. The turbulent accretion 
time scale is tace = 7°/Vvis, Where Vyis is the vis- 
cous parameter, defined as Vyis = O Caisp/t, Where 
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h is the disk scale height and o is an efficiency 
parameter in the range 0 < a < 1 (36). This gives 
an accretion time scale of 1.8 x 10° x o” ‘year at 
r = 0.27 pe (taking oaisy ~ 15 km sand h ~ 0.1 x 
r, estimated from Fig. 2E). The enclosed dense 
gas mass within this radius is 27” x 2h x 2m x 
Mp, ~3500 to 6100 Mo, again assuming that 
Ny2 Spans the range of HCN (J = 3-2) critical 
densities given above. The mass inflow rate 
expected under this viscous accretion is then 
~a x (0.02 to 0.03) Mg year”. Even for the 
highest possible value of a = 1, this inflow rate 
is an order of magnitude smaller than that 
which we deduced from the infall model. We 
therefore found viscous accretion to be an un- 
likely mechanism at this scale of several parsecs. 

Alternatively, the torques induced by non- 
axisymmetric gravitational instabilities [caused 
by spiral arms or clumps (37)] or gas clump- 
clump collisions (7) are possible mechanisms 
for angular momentum transfer. We estimated 
the radial profile of the Toomre Q parameter, 
which expresses the balance between the self- 
gravity of the molecular gas and turbulent 
pressure (38), as Q = «c,/mG, where k, ¢,, G, 
and = are the epicyclic frequency of the orbit, 
the speed of sound, the gravitational con- 
stant, and the surface density of the gas mass, 
respectively. A geometrically thin disk becomes 
gravitationally unstable if Q < 1. We assumed 
x = 2nye x 2h x Mp and the same range of ny2 
as above. Substituting ogisp into the expression 
for c, and taking h = (6 gisp/Viot) x 7, We Obtained 
the profiles shown in Fig. 4. The derived values 
of Q are less than the critical value at 7 > 1 pc, 
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indicating that the disk is gravitationally un- 
stable, so we expected clump-clump collisions 
or instability-driven turbulence (39) to occur. 
For the regions slightly above Q = 1, we ex- 
pected nonaxisymmetric structures (such as a 
nuclear spiral arm) to be induced, which would 
also cause a gravitational torque. Some non- 
axisymmetric structures are visible in the HCN 
disk (Fig. 1C). 

By contrast, the Q > 1 at 7 < 1 pc (Fig. 4). A 
dense gas mass of > 3 x 10° Mg would be 
required to make the disk gravitationally un- 
stable at r < 0.4 pcif the disk scale height is 
h ~ 0.1 x 7, as we estimated above. We ruled 
out such a high mass of dense gas on the basis 
of our HCN (J = 3-2) rotation curve, which 
indicates that the enclosed mass is ~2 x 10° Mo 
within r = 1 pe. Kinematic viscosity due to 
magnetohydrodynamic turbulence would not 
be sufficient; numerical models of that process 
predict « ~ 10“ (40). To drive accretion on sub- 
parsec scales would require a further denser 
(>10° cm™) but thin disk, which might cor- 
respond to the disk seen in the H,O maser 
observations (24). Our HCN (J = 3-2) ob- 
servations would not be sensitive to such a 
disk, but it is theoretically capable of driving 
the gravitational instability, so we prefer 
this explanation. 
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Cascade-heterogated biphasic gel iontronics for 
electronic-to-multi-ionic signal transmission 


Weipeng Chen**{, Linxin Zhai*+, Suli Zhang*°+, Ziguang Zhao’?+*, Yuhao Hu*’, Yun Xiang’, 


Huirong Liu*5, Zhiping Xu°, Lei Jiang’, Liping Wen 


1,2% 


Currently, electronics and iontronics in abiotic-biotic systems can only use electrons and single-species 
ions as unitary signal carriers. Thus, a mechanism of gating transmission for multiple biosignals in 
such devices is needed to match and modulate complex aqueous-phase biological systems. Here 

we report the use of cascade-heterogated biphasic gel iontronics to achieve diverse electronic-to-multi- 
ionic signal transmission. The cascade-heterogated property determined the transfer free energy 
barriers experienced by ions and ionic hydration-dehydration states under an electric potential field, 
fundamentally enhancing the distinction of cross-interface transmission between different ions by 
several orders of magnitude. Such heterogated or chemical-heterogated iontronics with programmable 
features can be coupled with multi-ion cross-interface mobilities for hierarchical and selective 
cross-stage signal transmission. We expect that such iontronics would be ideal candidates for a 


variety of biotechnology applications. 


n biological systems, neural networks with 

complex morphologies and highly polar- 

ized interfacial architectures can support 

elaborate bioionic and biochemical signal 

communications between different neu- 
rons (J, 2). Such structures and functions of 
complex neural networks provide inspiration 
for designing cascade-gated architectures ca- 
pable of implementing neuron-like multivariate 
ionic or chemical signal transport that could 
interface with and modulate physiological 
processes. 

Recently, artificial electronic and iontronic 
systems, which broke the information barriers 
between abiotic and biotic interfaces, have at- 
tracted considerable attention for application 
in biosensors (3-6), neuroprosthetics (7, 8), 
and implantable neuromorphic devices (9-12). 
Electronics, especially neuromorphic electron- 
ics (11-14), directly use programmable electrical 
impulse signals to treat biological interfaces as 
signal transducers for modulating physiologi- 
cal activities (14-16), whereas iontronics ex- 
hibit the capability of individually performing 
the conversion between intrinsic ionic and elec- 
trical signals for abiotic-biotic systems (7, 18). 
However, compared with biological neuronal 
networks with diverse biosignal transmission 
invoked by neural action potentials (fig. S1), 
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most electronics and iontronics are still re- 
stricted by the single-species attributes of signal 
carriers (electrons or single ions) that cannot 
carry more biocompatible information. These 
existing iontronics constructed from conven- 
tional gated or nongated materials do not faith- 
fully mimic multi-ionic cotransport, thereby 
limiting their characteristic signal expression 
in matching biological tissues (79). Ionic cur- 
rent signal transmission does not even discrim- 
inate between various ions in hydrogel-based 
iontronics (20-22). In the realm of iontronics, 
diverse electronic-to-multi-ionic transmission 
and processing in aqueous-phase biological 
environments remain a challenge. 


Design and fabrication of cascade-heterogated 
biphasic gels 


Here we report the use of a biphasic gel iontronic 
with cascaded heterointerface-gated properties 
to construct diverse ionic cross-medium trans- 
mission as a signal communication principle 
(Fig. 1A). The cascade-heterogated biphasic 
gel (HBG) has phase-separated heteronetwork 
structures that incorporate opposite binary gel 
phases: a microscale ion-enriched internal gel 
phase (IE phase) and a low-conductivity contin- 
uous gel phase (LC phase) (Fig. 1B). Specifically, 
the IE phase features hydrogel microinclu- 
sions that can store and transmit hydrated 
ions, and the LC phase serves as an organogel 
matrix that functions as the partially dehy- 
drated ion transmission medium. Ionic cross- 
medium transmission can be triggered by 
external stimulation of both continuous- and 
pulse-based electrical signals, during which 
partial shedding and reconfiguration of cat- 
ionic hydration shells, acting as ionic partial 
hydration and rehydration states (Fig. 1C), 
must occur alternately and consecutively. Thus, 
biphasic multi-interfaces induce cascade- 
heterogated effects that determine how ions 
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experience transfer free energy barriers ( Chec 
and local driving force (°¢ AV) under an ais j 
tric potential (Fig. 1, D and E). Because of the 
association of these factors with ionic hydration- 
dehydration energies, the distinction of cross- 
interface transmission between multivariate 
cations (X* and X”*) is enhanced by several 
orders of magnitude. By way of the sorting 
and control of ionic transfer energy barriers 
at heterogated interfaces, the HBG system 
can process electronic-to-multi-ionic hierar- 
chical transmission and selective ionic cross- 
stage transmission. 

An in situ phase-separated polymerization 
strategy was introduced to fabricate HBG 
iontronics in which interfacial covalent inter- 
actions could maintain stable heterogated ar- 
chitectures (fig. S2). Heterogeneous structures 
of HBGs with different phase compositions 
were confirmed by confocal laser scanning 
microscopy (CLSM) (Fig. 1B and fig. $3) and 
scanning electron microscopy (SEM) (fig. S4). 
In CLSM images, it was observed that IE micro- 
inclusions (blue-stained) were uniformly dis- 
persed in the LC phase (orange-stained) and 
found that their average diameters increased 
from 1.48 to 2.67 um upon increasing the ratio ‘ 
of the IE phase (fig. S5). These results indicate 
that cascade-heterogated structures are modu- 
lated by the microphase separation degree. 
Ion species and concentrations did not affect * 
HBG heterostructure (figs. S6 and S7). These 
samples were denoted as HBG-y, where y rep- 
resents the volume ratio of the LC phase to 
the IE phase (fixed to 1). Desirable mechan- 
ical properties and environmental stability of 
HBG iontronics ensure high-reliability ion trans- 
port in multimedia-based environments (figs. 
S8 and S9). 


lonic transmission characteristics 
of cascade-heterogated biphasic gels c 


In nongated hydrogel iontronics, X* and X”* 
cations are highly hydrated and can contin- 
uously move with extremely low viscous restric- 
tions in water-rich environments and easily 
traverse the neutral hydrogel network in an 
electric potential field (Fig. 2A). There is no 
obvious differentiation between the AE of hy- 
drated X* and X”* cations during homogeneous 
transmission (fig. S10). In HBG systems, the 
cascade-heterogated mechanism can effective- 
ly govern ion transport owing to the ionic in- 
trinsic AF under the external stimulation of 
continuous or pulse-based electrical signals 
(Fig. 2B). In the cascaded cross-interface ion 
transmission, the partial shedding and recon- 
figuration of cation hydration shells, which 
correspond to the ionic partial hydration and 
rehydration states, occurs alternately and suc- 
cessively. To further illustrate the heterogated 
effect derived from asymmetric chemical and 
spatial structures, we established the molec- 
ular dynamics model of the heterointerface 
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Aqueous phase 


Oleophilic network 
Hydrophilic network ili 


Analog ionic transmission path 
through the heterogated interface 


Fig. 1. Heterogeneous structures and cross-interface ion transmission of 
cascade-heterogated biphasic gel iontronics. (A) Structural illustration 

and (B) CLSM image of the HBGs with phase-separation heteronetworks. Scale 
bar, 20 um. (C) Heterogated cross-interface ion transmission. Owing to the 
distinct hydration-dehydration energies between different X* and X"*, the 
cascade-heterogated effects fundamentally enlarged the hierarchy discrepancy 
of the ionic transfer energy barriers to construct diverse electronic-to-multi-ionic 


to simulate the ionic transmission path and 
the related transfer free energy barrier (fig. 
S11. Crossing the heterointerface from the 
IE phase to the LC phase, the attractive and 
repulsive interactions between cation hydra- 
tion shells and IE and LC phases, as well as 
the steric limitations of heterogated interfaces, 
led to a substantial increase in AE. Meanwhile, 
the resultant transport resistance could be 
counteracted by the local driving force from 
the electric field, which was reflected by the 
notable AV. Ionic transmission paths in the 
IE phase with an average estimated size of 
6.60 to 7.26 nm were found to be larger than 
those of hydrated ions, and so a partial de- 
hydration transformation reduced the effec- 
tive size of hydrated ions, allowing them to 
access the LC phase, in which the estimated 
path size of 1.5 to 3.0 A was larger than that of 
the partially hydrated ions (Fig. 1D and fig. 
$12A). The heterogated interface with a high 
degree of permeation also acted as a transi- 
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tion layer to reduce the driving force of ions 
across the heterointerface, and the interfa- 
cial gating thickness did not affect the ionic 
cross-interface energy consumption originating 
from its hydration-dehydration transforma- 
tion (fig. S13). Subsequently, an energy com- 
pensation existed for the disengagement from 
the attractive interaction between the ion and 
the IE phase, and the partially hydrated ion 
with a related high transfer energy in the LC 
phase was relayed to the next IE microinclu- 
sions, accompanied by an energetically favor- 
able reconfiguration to realize ion rehydration. 
For one unit of cascaded cross-interface ion 
transport (fig. S12B), the ratios of K*, Ca?*, and 
Fe** hydration-dehydration energies and ion 
mobilities between the biphasic system were 
simulated to evaluate different cross-interface 
AE values (AEp,3+ > AEo,2+ > AEx+) of the 
three typical ions (fig. $12, C and D). Specifi- 
cally, ionic radius, electrostatic force, hydrogen 
bonding, and other weak interactions, which 
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signal transmission by the application of electrical signals. (D) Analysis of the 
network structure distribution at the heterogated interface and the analog 

ionic transmission path through the heterogated interface from the hydrated 
state in the IE phase to the partially hydrated state in the LC phase. (E) The 
obvious distinction of transfer energy barrier (AF) and the local driving forces 
(c< AV) of X* and X” featuring the hydration and partial hydration states across 
the heterogeneous interfaces. 


together affect the stability of the ionic hydra- 
tion shell, were believed to be intrinsic factors 
in determining the ionic hydration-dehydration 
energy (23, 24). Theoretically, ions with high 
charge densities can lead to the strong electro- 
static ordering of nearby water molecules to 
stabilize their hydration shells, thus necessi- 
tating the higher hydration-dehydration ener- 
gies to overcome cross-interface transfer energy 
barriers (25). 

Figure 2, C and D, and fig. S14 show similar 
ionic current variations of nongated hydrogels 
containing 1 mM K’*, Ca”*, or Fe** under dif- 
ferent voltage gradients, and their comparable 
transfer potentials were confirmed in terms 
of the corresponding voltage thresholds (all 
1 mV). These indiscriminate results demon- 
strate that homogeneous networks of non- 
gated hydrogels had difficulty recognizing 
ionic intrinsic features for the distinction of ion 
transport. In contrast, the ionic current prop- 
erties of HBGs reflected obviously different 
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Fig. 2. lonic transmission characteristics of nongated hydrogels and cascade- 
heterogated biphasic gels. (A) Homogeneous and (B) cross-interface ion 
transmission of the nongated hydrogel and HBGs, respectively. Scale bar, 3 mm. 
(C and D) lonic current properties of the nongated hydrogels and (E and F) the 
HBGs containing 1 mM K*, Ca**, or Fe** under varied applied voltages. (G) Statistically 
normalized ionic signal intensities of the HBGs with different phase compositions 
(data are mean + SD, N = 3). (H) Normalized ionic signal intensities at 5 V of HBG-5 
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containing 1 mM of different ions. The ionic cross-interface transport capacity 
corresponds to the ionic hydration-dehydration energy (data are mean + SD, N = 3). 
(I) Obvious distinction of the pulse-based K*, Ca**, and Fe** ionic current properties 
of the HBG-5 under electrical signal stimulations with varying frequencies of 1, 5, 
and 10 Hz. (J) Calculated ionic signal intensity (S) ratio of K*/Ca** in the cascade- 
heterointerface system with different cascade degrees. The inset shows the equivalent 
circuit of n cross-interface ionic transmission units. 


trends under a range of varied applied volt- 
ages (Fig. 2, E and F). The voltage threshold 
of HBG-3 with 1 mM K* was 5 mV, and 40 
and 60 mV, respectively, with Ca?* and Fe?*. 
To gain further insight into the relationship 
between the ionic cross-interface transmission 
and the phase-separation composition, ionic sig- 
nal transmission properties of HBGs varying 
with cascade-heterogated effects were character- 
ized. The ionic currents of the low-conductivity 
organogel separated from the biphasic gel pre- 
cursors were initially measured. All samples 
were in a nonconductive state at 5 V, confirm- 
ing that the ions were not stored and then 
continuously transported in the LC phase (fig. 
S15). The differences in ionic (K*, Ca”*, Fe®") sig- 
nals derived from the heterojunction biphasic 
gel with a single and uniform heterointerface 
were still rough in comparison with HBGs fea- 
turing cascade-heterogated interfaces (figs. S16 
and S17). By modulating cascade-heterogated 
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effects of HBGs, the ratios of on-state transfer 
potentials and the normalized signal intensi- 
ties between different cations exhibited increas- 
ing trends induced by increasing the degrees 
of microphase separation (Fig. 2G and figs. 
$18 and S19A). Typically, the ratios of voltage 
thresholds (K* to Fe** or K* to Ca?*) of HBG-5 
were 66.76 and 53.34. The normalized signal 
intensity ratios of K* to Fe** and K* to Ca”* in 
HBG-5 reached 5162.40 and 2419.57. In con- 
trast, the values of K* to Fe®* and K* to Ca”* in 
nongated hydrogels were only 2.19 and 1.74, 
respectively. Such homogeneous ion transmis- 
sion depended on the ionic intrinsic transfer 
coefficients under an electric potential. The 
heterogated effect also held for iontronic sys- 
tems in the presence of a high cation concen- 
tration up to 100 mM (fig. S20). Otherwise, the 
normalized signal intensities and related volt- 
age thresholds of HBG-5 indicated that different 
ionic cross-interface transport capacities were 
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related to the theoretical trends of their hydration- 
dehydration energies (Fig. 2H, fig. SI9B, and 
table S1). For both isovalent and aliovalent ions, 
the ion with low hydration-dehydration energy 
corresponded to low cross-interface AE, thus 
exhibiting a relatively high ionic signal inten- 
sity and a low voltage threshold. 

Compared with the homogeneous ion trans- 
mission of nongated hydrogels (fig. S21), cascade- 
heterogated effects also demonstrated an obvious 
distinction between pulse-based K*, Ca?*, and 
Fe** ionic current properties under electrical 
stimulations at frequencies from 0.1 to 100 Hz 
(Fig. 21 and fig. S22). The simulated relationship 
between ion dynamics and pulse-based frequen- 
cies (0.1 to 1000 Hz) at the heterogated interface 
was conducted, in which the simulated trans- 
mitted ion number and normalized simulated 
current were unrelated to the stimulus frequency 
(fig. S23). The duration of the high level in a sin- 
gle pulse cycle far exceeded the expected time 
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ions. The inset showed the corresponding normalized signal intensities at 5 V (data 
are mean + SD, N = 3). (B) Simulated signal intensity ratios of the HBGs with 
different mixtures of K* and Ca** to that of the HBG with K* (blue line), which were 
attributed to the different occupation proportions of K* (Mmix «+ as the K” molar 
concentration ratio) and Ca** (Minix ca2r a8 the Ca?* molar concentration ratio) at the 
heterogated interface, and simulated independent signal intensity ratios of K* (Srrix +) 
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(D to F) Normalized conductance of the HBG-5 containing different ions (data are 
mean + SD, N = 3). (G) Hierarchical ionic signal transmission. The pulse-transmitted 
ionic signals of the cascade-heterogated iontronics were successively dominated 
by K*, Ca*, and Fe** against different electrical pulse signals from 5 to 500 mV 
(data are mean + SD, N = 3). (H) Selective Ca** cross-stage transmission derived 
from the chemical-heterogated iontronics (data are mean + SD, N = 3). 
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for the cross-interface transmission of an ion, 
indicating that the cross-interface ion trans- 
port of HBG systems would be frequency- 
independent (1 to 1000 Hz). 

To model cascade-heterogating effects, a 
series circuit model based on the nonlinear 
Poisson-Boltzmann theory was constructed to 
illustrate the relationship between cascaded 
heterointerfaces and K*/Ca?* transport dis- 
tinction (Fig. 2J) (26, 27). The total energy con- 
sumption (© Ryo) can be divided into 7 units. 
For one cross-interface unit, the energy con- 
sumption can be divided into four sections: the 
consumption of transport in the IE phase (Rp), 
across the heterogated interface from the IE 
phase to the LC phase (R;,), in the LC phase 
(Ryc), and across the heterogated interface 
from the LC phase to the IE phase (Roy) (fig. 
S12B). Riz was negligible owing to the weak 
resistance in the IE phase; and Roy; was also 
ignored because the energetically favorable 
reconfiguration for rehydration. On the basis 
of different cross-interface AF values, the ionic 
signal intensity (S) ratio of K*/Ca?* (which was 
equivalent to the total transport resistance ra- 
tio of K* to Ca?*) was expressed as 


MRic(Ca**) + nBin (Cat) 
NR K*) +nRp, (K*) 


Sx+ /Scq2s(n) = 2 


( 
Ric(Ca”*) ; 
Ric(K*) ! 

1+N 


Rin ( Ca2+ ) 
Rin(K*) 


(1) 


where N = Sata , and this N was used to com- 


pare the influence between the heterogated 
interface and the LC phase on the ion trans- 
port. When N—>>, the system could be regarded 
as the ideal cascade-heterointerface limit (de- 
noted as the ideal HBG system) 


Rin (Ca?* 
Sx+ /Scq2+ (Cascade — heterointerface limit) = oRin(Ca"*) 
Rin(K*) 
AE{n(Ca?*) — AEIn(K*) — 20AVin (Ca?*) + CAVin(K*) 
ia Teg? 
B 


(2) 


In contrast, when N—0, the system could be 
regarded as a single interface (denoted as a 
heterojunction) 

Ric (Ca?*) 


Sx+ /Sc,2+ (Single interfé = Q— 
+ /Sc,2+ (Single interface) RiclK*) 


(3) 


In practical conditions, the heterointerface 
density (°< JN) is often limited, and so the ionic 
signal intensity ratio of the HBG system cannot 
reach the theoretical limit. However, the cascade- 
heterogated interface of iontronics was suffi- 
ciently dense to ensure a high Sx+/S¢,2+. 


Electronic-to-multi-ionic signal transmission 
of cascade-heterogated biphasic gels 


Figure 3A shows the anomalous decrease in 
the ionic current and the normalized signal 
intensity of HBG-5 containing a mixture of 
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1mM K* and 1 mM Ca”*. The presence of Ca?* 
increased the total ion concentration, but the 
normalized signal intensity was only 0.025, 
which was one-fortieth that with K* alone. 
This result can be attributed to the fact that 
K* has a lower hydration-dehydration energy 
and a smaller ion-hydration size than Ca?*, and 
so it was transported more favorably across 
the heterogated interface to consecutively un- 
dergo partial dehydration and rehydration 
under the stimulation of an electrical signal, 
resulting in relatively efficient ion transmission. 
However, the Ca”* cross-interface mobility re- 
quired a greater transfer energy, which reduced 
its own transport efficiency and formed inter- 
facial occupations, causing steric hindrance 
and electrostatic repulsion at the heterogated 
interface, thereby further hindering K* and 
Ca’* transport. Thus, the simulated signal in- 
tensity ratio of HBGs with different mixtures of 
K* and Ca”* to that of HBGs with only the same 
concentration of K* was negatively linearly cor- 
related with the Ca?* occupation ratio (Myix ca2*) 
at the heterogated interface (Fig. 3B, blue line). 
However, despite the decrease of ionic trans- 
mission paths resulting from such occupation, 
the simulated independent signal intensity ratio 
of K*/Ca?* in the mixed system remained at 
greater than three orders of magnitude (as 
Moyix ca2+ < 9-91) (orange line). Figure 3C shows 
preferential K* transport and hysteretic Ca”* 
transport (AEx+ < AE ¢,2+) at the heterointer- 
face under segmental electrical signal stimula- 
tions. The Ca?* occupation blocked the ion 
paths of the heterogated interface, also result- 
ing in a relatively low ionic conductance below 
~3 V. As the applied electrical signal increased, 
the normalized conductance curve suddenly 
increased, which was mainly attributed to the 
increased transport of hysteretic Ca* (Fig. 3D). 
This effect was also confirmed in HBGs con- 
taining different binary ionic mixtures (Fig. 3, 
E and F, and figs. $25 and S26). 

Such cascade-heterogatings can fundamen- 
tally enlarge the hierarchy discrepancy of multi- 
ion transfer energy barriers for hierarchical 
signal transmission. The real-time variations in 
the transmitted ionic signal strengths derived 
from HBGs incorporated with ternary ionic 
mixtures were monitored by inductively coupled 
plasma mass spectrometry (fig. S27). Figure 3G 
and fig. S28 show that pulse-transmitted ionic 
signal strengths were successively dominated 
by K*, Ca?*, and Fe®* against different input 
voltage signals ranging from 5 to 500 mV. In the 
absence of an input voltage signal, the HBGs 
maintained stable ion storage and avoided 
ion free diffusion to the surrounding aqueous 
phase environment. By applying a 5-mV pulse- 
based electrical signal with a frequency of 5 Hz, 
the transmitted K* signal of the HBG was trig- 
gered, and the transport of Ca?* and Fe®* re- 
mained hysteretic. After 2 hours, the K* signal 
strength increased from 6 to 400 parts per 
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billion. Subsequently, by increasing the ap- 
plied voltages to 100 and 500 mV, Ca”*- and 
Fe?*-dominated signals were observed, respec- 
tively. The cascade-heterogated effect allowed 
for the preferential transport of multiple ions 
by the sorting of ionic transfer energy bar- 
riers. Meanwhile, such transmitted ionic signal 
strengths of HBGs have already achieved lev- 
els compatible with those of specific physio- 
logical bioactivities (28, 29). Unlike ion-selective 
membranes and hydrogels, our HBGs can store 
a stable ion source on demand and efficiently 
process intrinsic ionic signals to the ambient 
aqueous environment. The hydrogel iontronics 
inevitably led to uncontrolled ionic diffusion 
into the external environment, making it im- 
possible to modulate or regulate ion transmis- 
sion (fig. S29). 

Considering the advantageous transport or- 
der of one type of ion under specific condi- 
tions, the hierarchical ion transmission could 
be regarded as a form of ion selectivity. We also 
designed a chemical-heterogated architecture 
to further regulate the ionic transfer energy 
barrier hierarchy for ion-selective cross-stage 
transmission. Owing to the coordination ef- 
fects of specific ligand groups (18-crown-6 to 
K* and carboxylic group to Fe®*) as chemical 
assistance in the IE phase (fig. S30A), ionic 
migration behaviors tended to be hopping 
between ligands to overcome dissociation en- 
ergy barriers (30, 31). Thus, the corresponding 
total energy consumption (° Ryo) continued 
to increase, leading to a higher energy con- 
sumption in the IE phase than across the het- 
erogated interface and breaking the inherence 
in ionic transport hierarchies that originated 
from their intrinsic hydration-dehydration en- 
ergies. Such cascaded chemical-heterogated 
effects rendered the total equivalent transfer 
energy barriers of K* and Fe** significantly 
greater than that of Ca", resulting in Ca?* 
cross-stage signal and transmission restric- 
tions of the other signal (Fig. 3H and fig. S30B). 
In contrast, dual-ligand (18-crown-6 and car- 
boxylic group) hydrogel iontronics had no Ca?* 
selectivity (fig. S31). In the homogeneous hydro- 
gel network, chemical ligand effects were unable 
to further establish ion-scale confined-gating 
properties that governed ion transport. 


Bioionic neurohumoral modulation 


Neuronal signaling relies on the controlled 
transmission of various neurotransmitter mol- 
ecules and ions (32, 33). For iontronics, the 
aim is to regulate multiple biofunctional ionic 
signal transductions to interface with and con- 
trol physiological activities in aqueous-based 
bioenvironments (34). To that end, the cascade- 
heterogated iontronic transduction device devel- 
oped in this study to convert electronic input 
signals into diverse bioionic signals demon- 
strates its potential for application as a biocom- 
munication carrier (Fig. 4, A and B). Meanwhile, 
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the good biocompatibility of the developed sys- 
tem was also demonstrated (figs. S32 and S33). 
Figure 4, C and D, outlines the transduction of 
biofunctional neurohumoral signals by cascade- 
heterogated and chemical-heterogated devices 
to regulate the permeability of cardiomyocytes 
and modulate cardiac electrical activities in 
bullfrog hearts. These results were confirmed 
by the alterations in the electrocardiogram 
(figs. S34 and $35 and movies S1 and 82). For 
abiotic-biotic systems, we anticipate that such 
iontronics could act as bridges for biocompa- 
tible signal processing and transmission between 
electronic control circuits and bioionic neural 
circuits. 


Conclusions 


Here we reported cascade-heterogated iontronics 
for diverse ionic signal transmission. These gels 
integrated opposite binary phase structures to 
form cascaded ionic transfer free energy barriers 
that were highly correlated with the hydration- 
dehydration energies of different ions. More 
impressively, cascade-heterogated interfaces 
fundamentally enlarged and controlled the 
hierarchical discrepancy of ionic transfer en- 
ergy barriers to achieve multi-ionic hierarchi- 
cal transmission and ion-selective cross-stage 
transmission. Until now, ion-gating has been 
primarily manifested in one- or two-dimensional 
systems; in this work, we developed a cascad- 
ing strategy to expand the ion-gating mecha- 
nism to three-dimensional intronic systems 
for electronic-to-multi-ion transmission. Most 
iontronic and electronic devices employing con- 
ventional ion-gating or nongating struggle to 
effectively process multi-ion signal carriers in 
their potential applications (tables S2 and S3); 
however, these properties are critical for inter- 
facing with and matching complex biological 
systems. HBG-based iontronics offer not only 
multispecies bioionic signals that are highly com- 
patible with aqueous-phase biological systems 
but also advance programmable signal trans- 
mission functionalities that facilitate the parallel 
and multiplexed transmission of various bio- 
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signals in abiotic-biotic systems. These cascade- 
heterogated iontronics serve as diverse platforms 
for possible extensions to more-biofunctional car- 
riers and other signal transduction mechanisms. 
Meanwhile, it would be worthwhile to study the 
weight and coupling features of multispecies sig- 
nal interchange in these cascade-gating systems. 
Despite the long road ahead for the construction 
of high-performance artificial neural networks, 
we expect that such cascade-heterogated net- 
works will be applicable in hardware imple- 
mentation for neuromorphic gating features, 
while also providing more signal morpholo- 
gies and processing. 
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Volitional activation of remote place representations 
with a hippocampal brain-machine interface 


Chongxi Lai’*++, Shinsuke Tanaka'{+, Timothy D. Harris?, Albert K. Lee’?* 


The hippocampus is critical for recollecting and imagining experiences. This is believed to involve voluntarily 
drawing from hippocampal memory representations of people, events, and places, including maplike 
representations of familiar environments. However, whether representations in such “cognitive maps” can 
be volitionally accessed is unknown. We developed a brain—machine interface to test whether rats can 
do so by controlling their hippocampal activity in a flexible, goal-directed, and model-based manner. 

We found that rats can efficiently navigate or direct objects to arbitrary goal locations within a virtual 
reality arena solely by activating and sustaining appropriate hippocampal representations of remote 
places. This provides insight into the mechanisms underlying episodic memory recall, mental simulation 
and planning, and imagination and opens up possibilities for high-level neural prosthetics that use 


hippocampal representations. 


he ability to simulate scenarios in one’s 

mind is a hallmark of intelligence, as it 

facilitates the evaluation of past exper- 

iences and future plans. For instance, we 

can imagine walking around our previ- 
ous workplace, or imagine how our current 
workplace might function if we rearranged the 
furniture. Such imagination requires an inter- 
nal world model that can be flexibly accessed 
to construct possible scenarios (7-3). 

The hippocampus is a brain region that is 
critical for memory and imagination (J, 4-6). 
It holds a model of the environment (also called 
a cognitive map) (7, 8) that could potentially 
be mentally traversed for the purpose of recall 
or simulation. In particular, the hippocampus 
contains spatial maplike representations of 
previously explored environments. Each envi- 
ronment’s representation consists of place 
cells—neurons that fire selectively whenever 
an animal moves through specific locations 
(called the “place fields” of those cells) in that 
environment (9, 0). This selective firing re- 
sults in a distinct multicell activity pattern at 
each location in the environment, which, during 
physical navigation, can be used to decode the 
animal’s current location from the ongoing 
pattern of neural activity (71). In contrast, a 
key aspect of imagination is the activation of 
neural representations that deviate from cur- 
rent sensory input, such as those that are non- 
local (i.e., represent locations away from one’s 
current location). Previous work has shown 
brief and intermittent activation of nonlocal 
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hippocampal spatial representations sugges- 
tive of the planning of specific paths within a 
cognitive map (12-27). However, it is unknown 
whether this activity is volitionally controlled 
or rather reflects passive memory-related 
processes that are presumably nonvolitional 
(22, 23). 

To test whether an animal can directly con- 
trol its hippocampal activity according to its 
model of the world, we used a brain-machine 
interface (BMI) approach because, unlike with 
humans, we cannot simply ask animals to 
imagine scenarios. With BMI methods, we could 
reward animals for generating neural activity 
resembling the simulation of specific scenar- 
ios. More precisely, we could reward them for 
the volitional activation of specific nonlocal 
representations from the cognitive map—a 
fundamental building block of scenario simu- 
lation. BMI research has a rich history of di- 
rectly testing for volitional control of activity 
patterns of neuronal ensembles in the motor 
cortex and related areas (24-35). In the hippo- 
campus, it has been shown that the activity 
level of individual neurons (36, 37) or the pop- 
ulation activity related to individual stimuli 
(38) can be controlled. However, a real-time 
BMI that allows humans or animals to con- 
trol their hippocampal population activity in 
terms of the content of their cognitive map 
(e.g., location representations) has never been 
demonstrated. 


A hippocampal map-based BMI 


We designed a real-time hippocampal BMI 
and two BMI tasks to investigate whether rats 
could navigate to goals (“jumper” navigation 
task), or move external objects to goals while 
remaining stationary (“Jedi” object location 
control task), within an immersive virtual real- 
ity (VR) environment solely by controlling the 
activity of a population of place cells. Each 
jumper or Jedi BMI experiment consisted of 
three phases (Fig. 1A). In phase 1, rats ran to a 
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tall, visible goal cue placed in a familiar +... 
dimensional virtual arena (“running” task). 
Upon reaching each cue, liquid reward was 
delivered, the trial ended, and the cue moved 
to another location for the next trial. Animals 
were secured in a harness and could freely 
rotate their body and head direction on top of 
a spherical treadmill (39) while hippocampal 
CAI neural activity was recorded (Fig. 1B, fig. 
S1, and movie S1). We applied a recently de- 
veloped field-programmable gate array (FPGA)- 
based neural signal processor to perform low- 
latency (1 ms) assignment of extracellular spikes 
(recorded from 128 channels) to a population 
of hippocampal units (40, 41). In the running 
task, treadmill movement updated the ani- 
mal’s location in the virtual environment, and 
many hippocampal units (i.e., place units) dis- 
played spatially modulated activity (39, 42-44) 
(Fig. 1B, blue arrows) similar to that in real- 
world environments (8-17). In phase 2, the 
binned spike counts from the most recent 1.5 
or 5 s of activity of these place units and the 
animal trajectory from the running task 
were used to train a decoder (Fig. 1B, green 
arrows) that estimates the animal’s current 
location from the neural data every 100 ms. 
We used a deep neural network for decoding 
(fig. S2), allowing the use of data augmenta- 
tion for training—a method that improves 
both the decoder’s performance given limited 
data and its noise robustness. In phase 3, the 
treadmill was disconnected from the VR sys- 
tem, and the animal’s ability to control its own 
or an object’s translational movement was 
limited to controlling its hippocampal activity, 
which was converted by the decoder into a 
specific location output every 100 ms (Fig. 1C). 
Note that the decoder was trained to estimate 
the animal’s current location in the running 
task only, not its location in the subsequent 
BMI tasks, but, during BMI periods, the ani- 
mal needed to generate activity corresponding 
to locations away from its current location. 


BMI navigation task 


In the jumper task, we tested whether animals 
could navigate to arbitrary goal locations as 
in the running task, except here by means of 
BMI-based first-person teleportation. After 
rats performed the running task for ~40 min 
(~120 trials) (Fig. 2, A and B, and movie S1), 
the data were used to train the decoder, which 
accurately estimated the rat’s current location 
in the running task [validation set coefficient 
of determination (R”) = 0.78 to 0.88] (Fig. 2C). 
Jumper trials were identical to running trials, 
except the animal’s location was updated to 
the BMI-decoded location (smoothed with a 
3-s sliding window to help reduce potential 
high-frequency visual jitter of the VR updates) 
(Fig. 2, D and E, and movie SI). If an animal 
did not reach the goal within 62 s, the trial 
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Fig. 1. Hippocampal map-based brain-machine interface in a virtual reality 
system. (A) Steps for performing the two different BMI experiments in this study. 
Rats first physically ran to a series of goals (running task), while their hippocampal 
neural activity and (virtual) location in a square arena were recorded. This data 
was used to train a decoder to take neural activity as input and output the animal's 
current location in the running task. In BMI task 1 (jumper task), animals needed 
to generate neural activity that would be decoded as locations they wanted to move 
to so that they could reach each goal (to obtain a reward). In BMI task 2 (Jedi 
task), animals were fixed at the center of the virtual arena (but could rotate) and 
needed to generate activity corresponding to locations where they wanted an 
external object to move to so that the object reached the goal, then they needed 
to sustain that activity to maintain the object there (to maximize reward). 
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(B) Schematic of the VR system (left). The animal was free to rotate its body in 
the horizontal plane. In the running task, the animal's location in the virtual arena 
environment was updated according to treadmill movement. Simultaneously 
recorded spiking from a population of hippocampal CA1 units expressed place 
fields—the basis of the cognitive map of the environment (right). Decoder was 
then trained using binned spiking activity and location data. (C) In both BMI tasks, 
the treadmill no longer updated VR. Instead, the animal or object location was 
controlled solely by real-time hippocampal activity. A neural signal processor rapidly 
assigned activity to individual units, whose spike counts were fed into the decoder. 
VR projection was updated according to locations output by the decoder. In the 
jumper (Jedi) task, the animal's (object's) virtual location was moved toward the 
most recent decoded locations. PC, personal computer. 
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Fig. 2. Rats can navigate to goals by controlling their hippocampal activity. 

In both the running and jumper BMI tasks, animals were rewarded when they reached 
each goal. (A) Animal trajectories in the virtual arena for consecutive running task 
trials. Trial duration (time to reach goal) in seconds is shown. (B) Example running 
task trial. From top: trajectory, firing rate (z-scored) of individual units (units were 
ordered by time of peak activity), treadmill speed, and LFP from one recording channel 
and corresponding wavelet spectrogram during trial. (C) Accuracy of trained decoder 
of animal's current location for held-out running task data. Actual and decoded 
trajectories during example trial (top left) and across several trials (for x and y 
coordinates separately, bottom left). Median decoding error (distance between actual 
and decoded locations) with range and quartiles (bottom right). (D) Example jumper 
BMI trial with similar trajectory as the running trial in (B). From top: trajectory generated 
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by the animal controlling its hippocampal activity and the decoder output (animal is 
teleported toward decoded location; each gray circle represents the decoded location at 
the time the animal is at the corresponding point in the trajectory connected by the 
dark line, sampled here every 1s), firing rate of individual units [using same order of 
units as in (B)], treadmill speed, LFP, and spectrogram. (E) Example jumper BMI trial 

in which animal did not move the treadmill. Trajectory (left) as in (D). Right, from top: unit 
activity, treadmill speed, LFP, and spectrogram. See fig. S10 for all 10 nonmovement 
trials. (F) BMl-generated trajectories for consecutive jumper trials. (@) Mean jumper 

trial duration (magenta vertical line) is significantly lower than distribution of expected 
mean duration for simulated trials if goals were in random locations. (H) Polar distribution 
of angle between direction of movement and direction to goal during running and 
jumper tasks. Zero corresponds to animal movement directly toward the goal center. 
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Fig. 3. Rats can move objects to remote goal locations and maintain generated by the animal controlling its hippocampal activity across eight 
them there by controlling their hippocampal activity. In the Jedi BMI task, consecutive Jedi BMI trials for rats 1, 2, and 3. Panels show decoded locations 
trials did not end when the external controlled object first reached the goal; during each trial (up to 3 min; fig. S11). Periods when the animal's body 
instead, animals were rewarded as long as the object was in the goal region rotated >12°/s were excluded. See text and methods for details. The external 
(white circle), for up to 3 min per trial. The animal was always fixed at center of controlled object (which was visible for rats 1 and 2 but invisible for rat 3) 
the virtual arena but could rotate its body and generally turned toward each was moved toward the decoded location (fig. S11 shows that the distribution 
goal. (A) Distribution of real-time decoded locations (output every 100 ms) of object locations was essentially the same as the distribution of decoded 
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locations). (B) A 40-s-long period during an example trial during which the 
animal did not move the treadmill. From top: summed activity across all 

units with PBEs identified, treadmill speed, distance of decoded location from 
goal (O means inside goal region), and close-ups of two 5-s periods [as 
animal moves object to goal (left) and as animal maintains object at goal 
(right); points in the arena represent sequence of decoded locations] with 


ended and a new goal cue appeared at a ran- 
dom location. 

Rats successfully navigated by controlling 
their hippocampus, generating efficient paths 
to each goal (Fig. 2F; see figs. S3 to S5 for all 
trials of three rats, and figs. S6 to S8 for all 
trials re-decoded using a shorter decoding 
window and without smoothing). To check 
whether this performance could be attributed 
to non-spatially-specific neural activity (e.g., 
modulating global firing rate), we randomly 
shuffled the spike trains across place units, ran 
the shuffled data through the original decoder 
to produce simulated trajectories, then deter- 
mined how long it would have taken to reach 
the same sequence of goal locations as in the 
original experiment. Shuffled-unit mean trial 
durations were much longer than the actual 
means (P < 10°, three rats, one session each), 
suggesting that performance depended on 
generating place field-related activity. To test 
whether generating non-goal-directed sequen- 
ces of location-specific activity (e.g., random 
movement within the cognitive map) could 
explain the performance, we randomly shuffled 
the goal locations in each trial while preserv- 
ing the original BMI trajectories and then de- 
termined the time that would have been 
needed to reach the shuffled goals. Shuffled- 
goal mean trial durations were again much 
longer than actual means (P = 2.8 x 10°” to 
1.5 x 107’) (Fig. 2G), indicating that animals’ 
BMI trajectories were clearly goal-directed. 
Goal-directedness was also apparent from the 
distribution of angles between the animal’s 
instantaneous direction of BMI-generated 
movement and the direction from the animal’s 
current location to the goal, which was con- 
centrated around a value near 0° (Fig. 2H). 
Thus, even though jumper trials took longer 
than running trials (mean trial duration across 
animals: 15.1 s versus 6.9 s; note, however, that 
BMI decoding and smoothing added a few sec- 
onds to jumper durations), the animals’ routes 
revealed effective, goal-directed, map-based BMI 
navigation. Furthermore, such performance 
was achieved without extensive BMI training 
(Fig. 2F; figs. S3 to S5 show sessions 3, 9, and 
2 for rats 1, 2, and 3, respectively; table S1; a 
fourth rat failed to perform either BMI task). 

Although animals were free to physically run 
during the jumper task, such movement was 
not necessary for task performance. Initially, 
animals ran as in the running task, but in later 
trials, animals ran less (fig. S9). In a subset of 
trials (10 out of 161 trials) (Fig. 2E and fig. S10), 
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animals remained still, yet in all cases they 
efficiently reached the goal. Moreover, this suc- 
cessful navigation did not depend on activity 
in population burst events (PBEs), which often 
appear during immobility and during which 
brief activation of place cell representations 
for remote locations has been shown to occur 
(13-16, 18, 20, 21, 23). 


BMI object location control task 


Although episodic memories are encoded and 
often retrieved using a first-person perspective, 
individuals can also imagine scenarios from a 
third-person perspective, with other animate 
and inanimate players taking part. Further- 
more, imagination often involves holding a 
single thought in mind for extended periods. 
Therefore, our second BMI task, the Jedi task, 
tested whether animals—while remaining in 
the same place—could use the same map of 
the arena to control the location of a virtual 
object, guide it to the goal cue location, and 
maintain it nearby. The jumper and Jedi tasks 
thus used different forms of feedback: self- 
location and the location of an object, respec- 
tively. After the same running task and decoder 
training phases as in the jumper experiment, the 
animals in Jedi were fixed (but could freely turn) 
at the arena’s center, and the object’s location 
was updated to the BMI-decoded location (with 
a 2-s smoothing window). In each trial, the goal 
cue remained in the same place, providing re- 
ward as long as the object touched it. After 3 min 
or the rat having received 0.5 ml of reward in 
total, whichever came first, a new goal cue ap- 
peared at a distant random location for the 
next trial. 

Rats could activate and sustain a remote lo- 
cation’s representation around the goal for 
long periods, until the trial ended, and then 
shift attention to the next goal (Fig. 3, A and B; 
fig. S11; and movie S1). Performance was mea- 
sured using the mean distance (over time) be- 
tween the decoded locations and goals. Shuffling 
spike trains across units yielded much greater 
mean distances than the actual means (P = 2.2 x 
10° to 2.6 x 10°*, three rats, one session 
each). To assess the goal-directedness of BMI- 
generated activity, we shuffled the goal loca- 
tions while preserving the locations output 
by the decoder. The decoded (and controlled 
object’s) location was far more concentrated 
around the actual remote goal cue than shuffled 
goal locations (P = 1.8 x 10°” to 5.2 x 10°?) 
(Fig. 3C and fig. S11), indicating clear goal- 
directed control of activity. Again, such per- 
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spike trains of units, LFP, and spectrogram. See fig. S12 for additional 
example periods. (©) Mean distance of decoded location from goal across 
all trials (magenta vertical line) is significantly lower than mean distance 
expected for randomized goal locations. (D) Treadmill speed distribution 
during periods shown in (A), illustrating that the animal was generally still 
during task performance. 


formance occurred without extensive training 
(Fig. 3A shows sessions 7, 6, and 3 for animals 
1, 2, and 3, respectively). Task performance 
was not dependent on PBEs, as there was no 
change in performance when all activity in PBEs 
was eliminated and the decoder was rerun post 
hoc (fig. S11). 

Animal movement was generally low when 
engaged in the Jedi task (Fig. 3D), and move- 
ment was not required for successful perform- 
ance. There were many longer periods (28 s 
long with a treadmill speed of <1 cm/s, 38 : 
periods, mean: 17.3 s, maximum: 44.0 s) during 
which the animal did not move the treadmill 
while it directed the object to the goal and/or 
held it there (34 of 38 periods) (Fig. 3B and fig. 
$12). Activity during PBEs was also generally 
not necessary for performance in these non- 
movement segments (fig. S12). 


Features of volitionally generated spiking and 
local field potential activity 


What characteristics did the volitionally gen- 
erated activity have? First, mean firing rates per 
unit were similar between jumper and run- 
ning tasks (fig. SI3A). Mean firing rates per 
unit were correlated across Jedi and running 
tasks, but lower in Jedi (fig. S13B)—consistent 
with the decreased physical movement in Jedi. 

We then investigated the hypothesis that, to 
move themselves or the object toward a given 
(decoded) location in the jumper and Jedi 
tasks, animals generated a pattern of firing 
rates across units (i.e., a population vector, or 
PV) similar to the mean PV at that location 
over the entire running task (called the refer- 
ence PV, or rPV) (Fig. 4A). (Note that the set of 
rPVs for all locations is thus equivalent to the 
standard place field map across the popula- 
tion.) We examined the correlation between 
the PV generated at each moment (in every 
500-ms window) during jumper or Jedi and 
the rPV of the decoded location at that mo- 
ment. As a benchmark, we computed the cor- 
relation between the 500-ms PVs during the 
running task with the rPVs corresponding 
to the animal’s actual location at those times 
(Fig. 4, B and C, “Run”) as well as the correla- 
tion between the running task PVs and the 
rPVs of random locations (Fig. 4, B and C, 
“randRun”). We then correlated jumper or 
Jedi PVs with the rPVs of the decoded locations 
at each moment (Fig. 4B for “jumper” and Fig. 
4C and fig. S14: for “Jedi”) and with rPVs of ran- 
dom locations (“randJumper” and “randJedi”). 
Jumper and Jedi PVs were significantly correlated 
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Fig. 4. Volitionally generated nonlocal activity is similar to the activity 
when the animal is at the corresponding locations and is associated with 
theta-band power in the LFP. (A to E) The population vector (PV) of ongoing 
spiking activity was compared with the average place field activity (rPV) at 

a given location during the running task. (A) Schematic of comparison. 

(B) Mean correlation of instantaneous (500-ms window) PV during running or jumper 
task with rPV for the current location (in the running task), current decoded 

location (in the jumper task), or random location in the running (randRun) or jumper 
(randJumper) task. (C) Same as (B) but for the Jedi task. For Jedi, only periods 
when decoded location was near (within 5 cm of) the goal were included [also 
for (E)]. [(D) and (E)] Correlation of PV with rPV relative to baseline random 
value as a function of the time integration window for determining the PV. 
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(F and G) Evaluation of decoder performance when ground truth activity for each 
location, i.e., the rPV, was input into the decoder. (F) Schematic of evaluation 
procedure. (G) Comparison of our DNN decoder to Bayesian decoder for different 
levels of added noise, with example traces using a specific level of noise (top). 
(H) Distribution of decoded location (left) during Jedi task segment with no 
treadmill movement (right). Right, from top: summed activity across all units with 
PBEs identified, treadmill speed, distance of decoded location (excluding data 
during PBEs) from goal, and close-up of LFP with spectrogram. (I) Power spectral 
density of z-scored (for pooling across animals) LFP during the Jedi task for 
periods of treadmill movement and all long segments (28 s) without treadmill 
movement. See text and methods in the supplementary materials for details. Here 
and elsewhere, all confidence intervals (Cls) are 95% Cls. 
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with the rPVs associated with the decoded loca- 
tions versus random locations, consistent with 
the hypothesis. Furthermore, jumper PV-rPV 
correlations were comparable to running task 
PV-rPV correlations. In line with this, the ex- 
ample running (Fig. 2B) and jumper (Fig. 2D) 
trials, which happened to share similar trajec- 
tories, showed similar activity patterns across 
place units over time. PV-rPV correlation scores 
were, unlike in jumper, lower in Jedi than in 
the running task using 500-ms windows (Fig. 
4C), consistent with noisier generation of non- 
local representations and/or lower firing rates 
(fig. S13B) in Jedi. However, with longer in- 
tegration windows (>500 ms) (Fig. 4, D and 
E), the PVs generated during Jedi matched 
the rPVs as well as the best match during the 
running task (note that longer integration times 
work for Jedi because animals activated goal 
location representations for extended periods). 
These results indicate that, during BMI task 
performance, animals generated nonlocal pop- 
ulation activity as similar to the corresponding 
place field representations as when they ac- 
tually visited those locations in the running 
task. Were these place field-like (i.e., rPV-like) 
patterns what our deep network detected to 
decode location? While determining what fea- 
tures a deep network uses for decoding is gen- 
erally not straightforward, inputting a single 
location’s rPV for a brief duration was suffi- 
cient to produce accurate location decoding 
(Fig. 4, F and G), consistent with the decoder 
being tuned to detect rPV-like activity. In ad- 
dition, unlike the commonly used Bayesian 
decoder (45), our decoder was highly robust to 
noise (Fig. 4G) by design because of the use of 
data augmentation during training. 

Lastly, we analyzed the local field potential 
(LFP) activity during BMI task performance 
(Fig. 4, H and I). When animals move, the ro- 
dent hippocampal LFP is known to display 
prominent theta band (~5 to 12 Hz) power, 
which peaked at ~7.3 Hz during periods of 
movement in the running and BMI tasks (Fig. 
41). During the extended periods of nonmove- 
ment when the animal was performing the 
Jedi task, the theta peak shifted down to 6.3 Hz 
(Fig. 41). Note that, unlike the more continuous 
theta oscillations during movement, the oscil- 
lations during such nonmovement periods 
tended to be more intermittent. 


Discussion 


Previous BMI research has yielded major ad- 
vances in the control of robotic arms, com- 
puter cursors, and other devices by activity 
from the primary motor cortex, premotor cor- 
tex, and posterior parietal cortex (24-35). The 
hippocampal cognitive map has a code that 
represents space in terms of absolute location 
in the external environment versus location 
relative to (e.g., in front of, or to the right or 
left of) the animal (8-2), and it was unknown 
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whether a subject could control a BMI by 
means of this code. With this study, we dem- 
onstrated a hippocampal map-based BMI in 
which the subject is able to control its location 
or that of other objects by activating location 
representations in terms of absolute space, in- 
dependent of where the animal currently is. 
That is, even though animals generally (but 
not always) turned their body toward the goal, 
the activity that needed to be generated dif- 
fered depending on the location of the goal 
with respect to the environment. The relative- 
ly small amount of training needed for the 
animals to perform our BMI tasks is in line 
with our use of a biomimetic decoder (35, 46), 
that is, one based on the neural code that the 
subject naturally employs. 

In humans, imagining or recalling objects or 
video clips is accompanied by hippocampal 
activity in individual neurons similar to that 
when viewing the original stimuli (47, 48). 
This suggests that the mechanisms allowing 
animals to selectively activate their nonlocal 
hippocampal spatial representations, as we 
have shown here, could also underlie our abil- 
ity to actively recall or imagine experiences in 
other places. The ability of rodents to perform 
these BMI tasks should thus allow imagina- 
tion, as well as the voluntary recall of memory, 
to be investigated using the range of tools 
available for this model system. More gener- 
ally, the neural processes engaged here could 
underlie our capacity to perform “mental time 
travel”—travel back in time by reexperiencing 
richly detailed episodic memories and travel 
forward in time by generating possible future 
scenarios (49). Mental time travel depends 
critically on the hippocampus (4-6, 50-52) 
and enables subjects to internally simulate new 
experiences according to their world model. 
This can aid decision-making and facilitate 
learning in complex situations where trial and 
error is expensive, as shown using artificial 
agents (3, 53-55). 

Along these lines, the rats in our study could 
control their hippocampal map-based activity 
on a timescale of seconds, corresponding to 
the speed and duration at which humans re- 
live past events or imagine new scenarios. 
Navigational trajectories each lasted ~10 s, 
and a virtual object could be held at a remote 
location for several seconds. This contrasts 
with the previously described fast (~100 ms) 
sequences of nonlocal hippocampal activity in 
awake rodents (i.e., awake replay events, which 
are associated with population bursts and 
sharp wave-ripples) thought to be associated 
with planning (72, 16, 18, 21), and which were 
not responsible for the performance in our 
BMI tasks (analysis in which all PBEs were re- 
moved). The content of such replay events, 
which can portray specific routes through 
the environment starting from the animal’s 
current location, has been shown to be corre- 


3 November 2023 


lated with deliberative (12) and future (16, 18, 27) 
behavior. However, it is not known whether 
this content is—or replay content in general 
can be—under an animal’s volitional control. 
For instance, hippocampal activity displays 
similar fast sequences during sleep (23), thus 
nonlocal path generation per se does not ap- 
pear to require intention. If awake replay is 
volitionally controlled, these events could rep- 
resent a brief consideration of alternatives for 
making a quick decision and be distinct from 
the more comprehensive mental simulations 
of possible scenarios that take seconds. Previ- 
ous work has also described neurons in the 
hippocampus and related areas whose activity 
is tuned to the angle to a goal or a salient cue 
or object relative to the direction the animal is 
facing (56-59). In addition, hippocampal neu- 
rons that are tuned to the location of con- 
specifics have been found (60, 67). As with 
fast sequences, whether these forms of activity 
that reflect locations away from the animal are 
volitionally controlled is yet to be determined. 

Beyond aiding decision-making, the ability 
to control the content of the hippocampal 
spatial and episodic memory system could help 
explain the richness of our inner lives. Finally, 
the ability to control hippocampal activity to 
guide oneself or objects to intended locations— 
and do so with high signal-to-noise readout 
using our decoder—could lead to new BMI ap- 
plications for restoring or enhancing function 
by realizing a subject’s high-level intentions 
with respect to their internal world models. 
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Design of a trigonal halide superionic conductor 
by regulating cation order-disorder 


Seungju Yu'+, Joohyeon Noh'}, Byunghoon Kim’, Jun-Hyuk Song’+, Kyungbae Oh’, Jaekyun Yoo", 


Sunyoung Lee?, Sung-O Park’, Wonju Kim’, Byungwook Kang’, Donghyun Ki 
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, Kisuk Kang 


Lithium-metal-halides have emerged as a class of solid electrolytes that can deliver superionic 
conductivity comparable to that of state-of-the-art sulfide electrolytes, as well as electrochemical 
stability that is suitable for high-voltage (>4 volt) operations. We show that the superionic 
conduction in a trigonal halide, such as Liz3MClg [where metal (M) is Y or Er], is governed by the 
in-plane lithium percolation paths and stacking interlayer distance. These two factors are inversely 
correlated with each other by the partial occupancy of M, serving as both a diffusion inhibitor 

and pillar for maintaining interlayer distance. These findings suggest that a critical range or ordering 
of M exists in trigonal halides, and we showcase the achievement of high ionic conductivity by 
adjusting the simple M ratio (per Cl or Li). We provide general design criteria for superionic 


trigonal halide electrolytes. 


ithium-metal-halides have recently been 

revisited as promising solid electrolyte 

(SE) candidates that can provide solutions 

to the interfacial instability issues found 

in sulfide- and oxide-based SEs (1-3). Most 
halide-based SEs commonly exhibit high oxi- 
dation potential and a wide electrochemical 
stability window (3-5), which help mitigate 
instability problems in sulfide-based SEs (6). 
Furthermore, their exceptional ductility, com- 
parable to that of sulfide-based SEs, provides 
process advantages in ensuring an intimate 
interface with the electrode (3, 7), which con- 
tributes to resolving instability issues in oxide- 
based SEs (8). Although early studies on 
halide-based SEs indicated that poor ionic 
conductivities (typically <~10~° S$ em“) con- 
stituted a major bottleneck (3, 9, 10), recent 
breakthroughs have revealed that the ionic 
conductivity can be boosted by identifying 
appropriate synthetic routes, which introduces 
a wide range of halide-based LizMX, (where M 
is Y, Er, or In, and X is Cl, Br, or I (3, 7, ID. 
Notably, moving from the classical ampule 
synthesis to mechanochemical synthesis sub- 
stantially improved room-temperature ionic con- 
ductivity up to ~10* orders of magnitude for the 
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Lis;MClg (where M is Y or Er) (7, 12-15). It was 
speculated that the higher degree of cation 
disordering from the mechanochemical syn- 
thesis could open up the bottleneck transition 
triangular area for lithium diffusion (72, 15). 
Although the factors leading to the hidden 
superionic conductivity of halide SEs remain 
unclear, these previous findings strongly sug- 
gest a close interplay between superionic 
conduction and cation arrangements and 
occupancies that are attainable from various 
synthetic methods. Hence, understanding the 
fundamental relationship between the superion- 
ic conduction mechanism and structural factors 
in trigonal Liz;MCl, halides is critical for realiz- 
ing important advancements in their ionic con- 
ductivities. In this work, we used first-principles 
calculations and experiments to investigate the 
conduction mechanism and propose and vali- 
date our design strategies for enhancing ionic 
conductivity using LisYClg (LYC) as a model 
system. 


Diverse cation arrangements and 
corresponding lithium-diffusion kinetics 


LYC adopts a layered-type structure with a 
hexagonal close-packed (hep) anion framework 
in the P3ml space group (Fig. 1A) (15). The Y 
ion occupies octahedral sites at the la and 2d 
Wyckoff positions, referred to as Y la and Y 
2d, respectively. Previous studies (12, 15) show 
that the partial occupancy of Y la is always 
close to 1, whereas that of Y 2d depends on 
synthetic routes, ranging from 0.03 to 0.97. 
We refer to the layer containing Y la as layer 
1, and layer 2 is located between the layers of 
layer 1 (left panel of Fig. 1A). High-valent Y is 
surrounded by six Li or vacancy octahedra, 
forming honeycomb-type in-plane ordering 
(right panel of Fig. 1A). Distinct partial occu- 
pancies of Y result in two cationic column types 
along the c¢ axis: o columns with alternating Y 
la and vacant sites, and B columns with re- 
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6 


peated 2d sites (middle panel of Fig. | Se 


Various cation arrangements are possible \.-.— 
the 8 column, from complete randomization 
of Y 2d site occupations to an ordered ar- 
rangement equivalent to that of the a col- 
umn. Nevertheless, two neighboring Y 2d sites 
cannot be simultaneously occupied because of 

a strong face-sharing electrostatic interaction, 
which limits the number of local £8 configu- 
rations (supplementary text, section 1). 

To understand the relationship between 
cation arrangement and ionic conductivity, we 
first considered an ideal ooo-model structure 
with a 6 configuration that is identical to the 
a-type arrangement in partial occupancy (Fig. 
1B). This structure features alternating Y-free 
lithium layers and Y-rich layers, referred to as 
Y-free ordering and Y-3 ordering, respectively. 
Additionally, we considered a pseudo-disordered 
oBB-model structure with 2d sites occupied in | 
layer 2 and unoccupied in layer 1 (Fig. 1C), which 
produces two distinct in-plane cation config- 
urations: triangular ordering between two Y 
ions and one vacancy (Y-2 ordering) and or- 
dering among one Y ion and two vacancies 
(Y-1 ordering). Importantly, our two models in- 
clude all possible local in-plane Y orderings ‘ 
surrounding lithium ions (blue triangles in 
Fig. 1, B and C) within the P3ml1 crystal sym- 
metry, and their combinations can represent 
any global structure of stoichiometric LizYClg * 
that bears partial occupancies of Y in 2d sites 
(supplementary text, section 2). 

The lithium-diffusion kinetics of the two 
models were comparatively examined using ab 
initio molecular dynamic (AIMD) calculations. 
Figure 1D illustrates the room-temperature 
ionic conductivity, extrapolated to 300 K from 
AIMD calculations at 40-K intervals between 
500 and 700 K (see methods and fig. S2). Both 
coo and off models exhibit anisotropic dif- « 
fusion, with c-axis conduction that is much ‘ 
faster than ab-plane conduction, consistent 
with previous reports (4, 16). Despite fast lith- 
ium conduction along the c direction, the to- 
tal ionic conductivities remain lower for both 
cases, indicating that the ab-plane compo- 
nent limits overall conductivity. Interestingly, 
the ofB-model structure with higher ab-plane 
conductivity (6.83 versus 0.70 mS cm) and lower 
caxis conductivity (102 versus 114 mS cm~) 
showed higher overall conductivity (26.3 ver- 
sus 18 mS cm”), underscoring the importance of 
ab-plane ionic conductivity as the rate-limiting 
factor. 

Figure 1E visualizes the anisotropic lithium 
diffusion networks in LYC using isosurface plots 
of Li probability density from AIMD calculations 
at 500 K. Both the aoa and o86 models show 
well-connected c-axis lithium diffusion networks, 
which enables high ionic conductivity through 
continuously interconnected octahedral site 
hopping. By contrast, the ab-plane lithium net- 
works differ in the two model systems. Lithium 
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Fig. 1. Comparison of ionic conductivities and structures of two represent- 
ative models that have different cation arrangements of LizYClg. 

(A) Structure of Li3YClg (15), which has Y-ion partial occupancy on the Wyckoff 
2d site. The overall connectivity and arrangements of the Y la and Y 2d sites 
are shown in the panel on the left. The side view of LisYCl. unit cell is illustrated 
in the middle panel. The panel on the right shows the configuration of each 
plane (i.e., layers 1 and 2). (B and C) Two different cation arrangement models 
for a 1-by-1-by-3 supercell of Li3YClg, which represent the models in which the 
Y ions in the Wyckoff la and 2d sites are in the same (B) and different (C) 
layers. Each model further consists of two different ab-plane orderings: Y-free 


and Y-3 orderings for the aaa-model structure (B) and Y-1 and Y-2 orderings 
for the aBB-model structure (C). The Y-free, Y-1, Y-2, and Y-3 orderings 
contain 0, 1, 2, and 3 Y ions per unit cell, respectively, as indicated by the blue 
triangles and also shown in the right panel of (A). (D) Each component of 
extrapolated ionic conductivity at 300 K from AIMD simulations for the aaa- and 
oBB-model structures (black for overall, blue for c axis, and red for ab plane). 
(E) Isosurface (yellow) of lithium probability density P = Pmax/256 at 

500 K of two model structures to present the lithium-diffusion pathway. The 
red dashed rectangle indicates the disconnected lithium-diffusion pathway along 
the ab plane. 


ions are connected only in every other plane 
in the aaa model, with interchain connections 
occurring exclusively through the Y-free plane, 
as shown by the red dashed box for the dis- 
connected region. However, lithium conduction 
is feasible in all ab planes of the aBB model, 
offering interchain connections throughout. 
These selective diffusion paths are speculated 
to contribute to the different conduction prop- 
erties of the two models. Nevertheless, this 
does not fully account for the nearly order- 
of-magnitude higher ab-plane lithium conduc- 
tivity in the off model compared with the aaa 
model. It is particularly perplexing because the 


Yu et al., Science 382, 573-579 (2023) 


Y-free layer still offers interchain connection in 
the aaa model, and lithium diffusion has been 
presumed to be easier in a lithium layer that is 
free of transition metals, as has been extensive- 
ly studied in layered transition-metal oxides 
such as LiNiOs, (17, 18). 


Percolating the in-plane diffusion network 
and Y ordering 


We further investigated lithium diffusion in the 
ab plane, considering various local cation (Y) 
configurations surrounding lithium ions. Figure 
2A presents in-plane views of Li probability 
density plots, obtained from AIMD calculation 
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at 500 K, for each Y ordering. These plots illus- 
trate that lithium ions can freely roam within 
the ab plane for Y-free and Y-1 orderings, 
whereas Y-2 and Y-3 orderings feature dis- 
connected intralayer networks, resulting in 
isolated local lithium-diffusion paths (red dashed 
lines). Interestingly, lithium-ion immobility 
in the Y-3 layer is observed with entirely iso- 
lated intralayer diffusion paths, which signi- 
fies that lithium ions can only migrate through 
the c-axis diffusion channel, making the layer 
itself the bottleneck of diffusion. Similarly, 
the percolation diffusion network in the Y-2 
layer is restricted within a small circular ring 
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Fig. 2. Effect of cation arrangements on the percolating diffusion network. 
(A) Isosurface of lithium probability density P = Prax/1024 at 500 K in each 
ab-plane ordering (Y-free, Y-1, Y-2, and Y-3 orderings) to analyze the effects of 
the cation arrangements. Each ab-plane ordering can be divided into two groups, 
percolating (Y-free and Y-1) and nonpercolating (Y-2 and Y-3). A disconnected 
ab-plane lithium-diffusion pathway was observed in the specific diffusion pathway 
between Y ions marked by the black arrows. (B) Local environments of intermediate 
tetrahedral sites in the structure of Li3YCle. There are two diffusion paths and 
their related intermediate sites (I and II). Each tetrahedral site shares faces with two 


of six lithium ions, implying that sole diffusion 
in the ab plane cannot contribute to overall 
conductivity. 

The in-plane percolation network loss was 
carefully examined by probing the energetics 
of lithium hopping in each Y ordering. In the 
in-plane diffusion, lithium ions migrate be- 
tween octahedral sites via an intermediate tetra- 
hedral site, analogous to the tetrahedral site 
hopping mechanism in well-known layered 
transition-metal oxides (16, 19). Although the 
tetrahedral site in the LYC structure does not 
face-share with any cation in adjacent layers, it 
neighbors the Y octahedron in the same layer, 
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electrostatically destabilizing the migrating lith- 
ium (20) (Fig. 2B). Consequently, the activation 
barrier in the hcp-stacked LYC structure can be 
approximated by the lithium state in the inter- 
mediate tetrahedral site, consistent with find- 
ings in O3-type layered lithium transition-metal 
oxides (17, 21) (supplementary text, section 3). 
Depending on Y site occupancy, migrating li- 
thium in the transition state may share a face 
with the Y ion in the site (Ty) or with a vacant 
site (Ty). The Y-1 and Y-2 layers possess TyTy 
and TyTy paths for lithium migration, whereas 
the Y-free and Y-3 layers can only have TyTy 


(in Y-free, Y-1 ordering) 


TyTy 
(in Y-1, Y-2 ordering) 
FS aw 


V 
Repulsion 
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Tetrahedral site sharing face 
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but does not share any faces with any cation octahedrons in the layer above or 
below. Intermediate site | (red) shares a face with one Y octahedron, whereas 


shares a face with a vacancy; intermediate sites | and II 
respectively. (€) Three local diffusion environments in 


the ab plane according to the types of the two intermediate tetrahedral sites. 


the lithium ion in the transition-state tetrahedral site. 


(E) Hopping rates for the three local diffusion environments. The green and red 


culation results of Ty and Ty, respectively. 


Figure 2D plots lithium hopping transition- 
state energies for each path in the corresponding 
Y orderings. This figure demonstrates that low 
energy barriers are required for the paths pass- 
ing by Ty (green bar), provided by the TyTy and 
TyTy environments in the Y-free, Y-1, and Y-2 
layers. By contrast, paths involving Ty (red bar) 
exhibit considerably higher energy barriers, 
indicating substantially subdued lithium mobi- 
lity in TyTy or TyTy environments. This finding 
suggests that the Y-3 layer, with only the TyTy 
path, would not permit facile lithium conduc- 
tion, consistent with Fig. 2A and fig. S4. To fur- 


and TyTy paths, respectively (Fig. 2C). 
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rates of each path were evaluated from AIMD 
results at 500 K using the analytical method 
developed by de Klerk et al. (22) (see methods). 
The results manifest that transition-state ener- 
gies correlate with hopping rates, with more 
frequent hopping events for Ty sites in TyTy or 
TyTy environments (Fig. 2E). Hopping rates 
for TyTy (0.35 x 10'° and 1.02 x 10% s~) and 
TyTy (0.67 x 10° s“) paths are approximately 
1000 times higher than those for TyTy (1.5 x 
10’ s') paths (supplementary text, section 4). 


Pillar effect of cations in the interlayer space 


Intriguingly, the Y-1 layer exhibited a lithium 
hopping rate that was more than twice that of 
the Y-free layer for the same TyTy path. Ad- 
ditionally, hopping events in the Y-1 and Y-2 
layers along the TyTy path are more frequent 
than in the Y-free layer through the Ty site. 
This indicates that lithium mobility tends to 
be higher in layers with some Y occupancy, 
which is counterintuitive because transition 
metals in the lithium layer (e.g., cation dis- 
order) typically inhibit lithium diffusion by 
contracting the interlayer space in conven- 
tional layered lithium transition-metal oxides 


(23, 24). To clarify this observation, we con- 
ducted a nudged elastic band calculation, com- 
paring activation barriers for the TyTy path 
in Y-free and Y-1 layers (fig. S6), which revealed 
a 50-meV lower barrier in the Y-1 layer. 

To investigate the origin of this unexpected 
phenomenon, we examined several potential 
factors that affect the stability of the transition- 
state lithium in the TyTy path (23, 25), sus- 
pecting a change in interlayer distance as a 
determinant, as seen in our previous layered- 
oxide studies (17, 23). In the layered frame- 
work, transition-state lithium stability primarily 
depends on interlayer space, with lithium-ion 
mobility generally increasing with interlayer 
distance. We discovered a similar relationship 
in the LYC halide, with the activation barrier 
for lithium hopping decreasing linearly with 
interlayer space, regardless of Y-ordering type 
(Fig. 3A). Furthermore, Fig. 3A reveals that 
the lower activation barrier in the Y-1 layer re- 
sults from a larger equilibrium interlayer space 
(3.10 A, green dotted line) in the Y-1 layer than 
in the Y-free layer (2.99 A, red dotted line). 
This inverse correlation between interlayer 
distance and activation barrier is also valid for 


the TyTy path (fig. $7), signifying a similar 
lithium-diffusion mechanism to conventional 
layered lithium transition-metal oxides. 

To account for the large interlayer space of 
the Y-1 layer, we systematically investigated the 
local environment of Y and calculated the 
shortest distance between Y ions to estimate 
the electrostatic repulsive effect. Figure 3B shows 
that the distance between neighboring Y ions 
becomes markedly shorter in the Y-1 layer 
(7.19 A) than in the Y-free layer (8.83 A), lead- 
ing to a stronger c-axis repulsion component 
between Y ions in adjacent planes, which con- 
tributes to an increased interlayer space from 
5.97 to 6.17 A (26). The repulsion component 
along the c axis was further quantified by arti- 
ficially altering Y occupancy in the interlayer 
and examining its correlation with interlayer 
distance (Fig. 3C) (supplementary text, section 
5). This graph shows that as Y ions occupy the 
interlayer and increase electrostatic repulsion, 
the interlayer distance increases. The distance 
increases to 3.10 A at a Y occupancy of 0.167 
and then converges, indicating that Y ions serve 
as electrostatic pillars to maintain interlayer 
space (27). This highlights the importance of Y 
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Fig. 3. Pillar effect of cations in the interlayer space. (A) TyTy activation barrier 
for ab-plane lithium diffusion in the Y-free (red) and Y-1 (green) orderings as a function 
of interlayer distance. The dashed lines indicate the calculated equilibrium Li interlayer 
distance of the Y-free (red) and Y-1 (green) orderings. The inset images show the 

local environment of the Y-free (left) and Y-1 (right) orderings. They have the same 
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first-neighboring Y-ion local environment (purple octahedral site) but different second- 
neighboring Y-ion local environments (blue octahedral site). (B) Comparison of distances 
between Y ions from side views of Y-free (left) and Y-1 (right) orderings. (C) Interlayer 

distance as afunction of occupancy of Y ( ,MYmpeLs? f fons. ewes) in the interlayer. 
The Y-free and Y-1 orderings are denoted by red and green circles, respectively. 
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partial occupancy in expanding LYC halide 
interlayer space and facilitating ab-plane 
lithium diffusion, with the maximum interlayer 
space reached at a minimum partial occupancy 
of 0.167, which serves as a redesign criterion for 
LYC and is discussed later in the text (supple- 
mentary text, section 6). 


Design of a halide superionic conductor 


Our theoretical investigations revealed that 
lithium diffusion in trigonal halide conductors 
is governed by lithium percolating networks and 
interlayer space, which are both influenced by 
Y content and ordering. With a trade-off be- 
tween the two factors regarding Y occupancy 
in the ab plane, establishing a suitable Y-ion 
arrangement is essential for enhancing ionic 
conductivity. To identify the ideal Y occupancy 
range, we first calculated the percolation thresh- 
old value of Y occupancy in the ad plane (Fig. 
4A). In the trigonal symmetry of LYC, random 
Y distribution in 2d sites statistically results in 
a 0.444 Y-ion occupancy threshold, above which 
lithium path connectivity is locally confined, 
inhibiting lithium diffusion (supplementary text, 
section 7). 

Although low Y occupancy benefits lithium 
percolation, reducing occupancy below a cer- 
tain level leads to insufficient interlayer space, 
indicating that a minimum Y occupancy in the 
ab plane of nearly 0.167 is needed, which is 
shown in Fig. 3C. Moreover, a large interlayer 
space can be maintained when the Y occupancy 
reaches a 0.444 percolation threshold. Figure 
4A shows the target Y occupancy range as be- 
tween 0.167 and 0.444, which enables both 
lithium percolation networks and an enlarged 
interlayer space, resulting in fast lithium con- 
duction (see supplementary text, section 8, for 
other symmetry of hcp-stacked Liz;MCl,). How- 
ever, the upper boundary (0.444) is unexpect- 
edly low, considering that the total Y occupancy 
should be unity when adding partial Y occu- 
pancies (&) in two layers in stoichiometric 
LisY;,Y;_~Cl¢ (top panel of Fig. 4A). Simply ad- 
ding two layers of the ideal 0.444 occupancies 
cannot satisfy the target LisYClg composition, 
resulting in LisYo gggCle. 

Instead, we propose an alternative strategy 
to lower M cation occupancy by partially sub- 
stituting Y** ions with tetravalent ions in 
LizMClg (Fig. 4B). Substituting trivalent ions 
with higher-valent ions (A**) would generate 
M cation vacancies without affecting the charge- 
carrying lithium-ion content (e.g., LizY4,-3A3 
_3¢Clg). When x is between 0.333 and 0.888, 
both layers 1 and 2 can theoretically fall within 
the region of 0.167 to 0.444. In this regard, 
we aimed for the maximum M occupancy of 
0.888 and set the A** substitution level as 
LizsYo.2Ao0.6Cle (or LigMo Cle). Before further 
discussing this composition, we note that other 
approaches also can reduce M occupancy below 
unity, such as altering the lithium concentrations 
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or using anion substitutions, which are expected 
to have similar effects. However, we take this par- 
tial substitution strategy as one of the accessible 
models of a proof-of-concept experiment. Accord- 
ingly, a trigonal halide compound, LisYo2A96Clg 
(where A is Zr), was successfully synthesized by 
the mechanochemical route (see methods). The 
x-ray diffraction (XRD) patterns of synthesized 
LisYo2Z1 6Cle (Fig. 4C and fig. S13) resembled 
reported LYC (7), confirming the preservation of 
the trigonal LYC structure even with substantial 
Zr substitutions. More importantly, Rietveld re- 
finement of the high-resolution powder diffrac- 
tion (HRPD) analysis revealed that partial M 
occupancies in layers 1 and 2 are 0.392 and 
0.416, respectively, which are both within the 
target range of 0.167 to 0.444 (fig. S14 and table 
$2). This validates that Zr substitution enables 
the generation of vacant M sites that are nec- 
essary for the lithium percolating network (sup- 
plementary text, section 9). 

Subsequently, the ionic conductivity of 
LisYo.2ZIo,6Cle was measured and compared 
with that reported for LYCs (7, 12, 15, 28, 29) 
from various synthetic routes, including our own 
experiment (Fig. 4D and fig. S16). LisYo 2Zro 6Cle 
demonstrates a conductivity of 119 mS cm“, 
which is almost six times higher than that of 
stoichiometric LYC (~0.2 mS cm’), despite 
sharing the same charge-carrier concentration 
and crystal structure. This value is the highest 
among trigonal halide-based SEs with Liz,M,Cl¢ 
stoichiometry (where M is a transition metal; 
0 << 1). Itis also noteworthy that this simple 
design principle, based on target M partial oc- 
cupancy, could be further validated with other 
trigonal halide electrolytes. In this regard, we 
revisited all the reported trigonal halide SEs, 
determining M cation occupancies in layers 
1 and 2 from their structural data as well as 
the ionic conductivities, and plotted them 
in Fig. 4E (5, 7, 12, 15, 28, 30, 31). The results 
demonstrate that none of the materials fall in 
the target region (blue dashed square) except 
for LizgYo2Zro.¢6Cle, which implies that regu- 
lating the cation arrangements is crucial for 
improving the ionic conductivity (supplemen- 
tary text, section 10). 

Many works have reported that ball-milled 
LYCs exhibit higher ionic conductivities than 
annealed LYCs (7, 12, 15). This difference has 
been simply attributed to lattice expansion or 
structural distortion, which can open up lithium- 
diffusion paths after high-energy ball-milling. 
However, our revisit of these works and their 
structural data indicates that the difference 
stems from the interplay between altered Y 
occupancies that result from ball-milling syn- 
thesis and ab-plane lithium mobility. We found 
that annealed LYCs generally do not contain 
any ab planes with Y composition in the target 
region, whereas ball-milled LYCs mostly con- 
tain at least one ab plane with Y composition 
in the target region (table S1). This finding 
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implies that sluggish in-plane lithium diffu- 
sion is expected in both ad planes (i.e., layers 
1 and 2) of annealed LYCs. By contrast, achiev- 
ing higher ionic conductivity is possible with 
ball-milled LYCs because of the presence of a 
plane exhibiting a percolating diffusion network 
with an enlarged interlayer space. These diffu- 
sion mechanisms align with findings from pre- 
vious studies on conventional layered lithium 
transition-metal oxides and state-of-the-art dis- 
ordered rocksalt cathodes, which both share 
structural similarities with trigonal halide struc- 
tures, highlighting the importance of interlayer 
space (17, 23) and percolation (25, 32) for lithium 
diffusion. Therefore, our findings suggest that 
securing at least one ab plane in the target re- 
gion is indispensable for achieving high ionic 
conductivity in the stoichiometric Li;MCl, SEs, 
although this condition alone cannot fully satisfy 
our cation-arrangement criteria. 


Conclusions 


We elucidated the detailed superionic conduc- 
tion mechanism of halide SEs and demonstrated 
an innovative strategy to enhance ionic conduc- 
tivity by establishing the correlation between 
cation arrangements and lithium-diffusion kine- 
tics. We found that the percolating diffusion 
network and interlayer distance are key fac- 
tors that determine the lithium superionic con- 
duction in trigonal hcp-stacked LizgMClg and 
are governed by the cation (M) arrangements. 
Although M serves as a pillar to enlarge the 
interlayer space, thereby promoting in-plane 
lithium diffusion, that is, the bottleneck in the 
overall diffusivity, excessive M content disrupts 
the lithium percolation network in the plane. 
This trade-off relationship suggests that bound- 
ary conditions for M occupancy in the ab plane 
exist for optimal lithium ionic conductivity, which 
serves as a design rule. As a proof-of-concept 
experiment, we introduced LizYo.Zro.6Cle, a 
halide superionic conductor that has perco- 
lating diffusion networks with enlarged inter- 
layer space and thus exhibits enhanced ionic 
conductivity. 
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WATER AVAILABILITY 


Southern Hemisphere dominates recent decline in 


global water availability 


Yongqiang Zhang**{, Congcong Li**+, Francis H. S. Chiew°, David A. Post®, Xuanze Zhang’, Ning Ma’, 
Jing Tian’, Dongdong Kong’, L. Ruby Leung®, Qiang Yu’, Jiancheng Shi®, Changming Liu? 


Global land water underpins livelihoods, socioeconomic development, and ecosystems. It remains 
unclear how water availability has changed in recent decades. Using an ensemble of observations, we 
quantified global land water availability over the past two decades. We show that the Southern 
Hemisphere has dominated the declining trend in global water availability from 2001 to 2020. The 
significant decrease occurs mainly in South America, southwestern Africa, and northwestern Australia. In 
the Northern Hemisphere, the complex regional increasing and decreasing trends cancel each other, 
resulting in a negligible hemispheric trend. The variability and trend in water availability in the Southern 
Hemisphere are largely driven by precipitation associated with climate modes, particularly the El Nifio- 
Southern Oscillation. This study highlights their dominant role in controlling global water availability. 


ater availability over the global land is 

the net difference between water sup- 

ply from precipitation and water de- 

mand from evapotranspiration (ET), 

thus representing streamflow and 
water storage change. Global land water avail- 
ability influences livelihoods, socioeconomic 
development, and ecosystems (J-3) and could 
dramatically shift with climate change and 
socioeconomic growth as projected over the 
next several decades (4, 5). In the past several 
decades, water availability has varied because 
of climate change that has intensified the hydro- 
logical cycle, vegetation greening that has in- 
creased terrestrial ET, and human water use 
that has altered streamflow (6). However, global 
land surface drought has changed little in the 
same period (7, 8) because of complementary 
trends in precipitation and ET, which are con- 
trolled by multiple climate factors, such as 
available energy, humidity, and wind speed 
(9, 10). Human activities have played a strong 
role in altering water availability by decreasing 
groundwater and streamflow, with potentially 
devastating effects on aquatic ecosystems and 
food production (17-13). Human-managed reser- 
voirs have contributed 57% of the change in 
Earth’s seasonal surface water storage varia- 
bility. Human activities now drive 67% of the 
variability in surface water storage in the nor- 
thern midlatitudes and nearly 100% in arid and 
semiarid regions (5). The observed trend in river 
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flows can be explained only if anthropogenic 
climate change impact is included. Humans 
also influence the climate and affect the mag- 
nitude of river flows at regional and global 
scales (14). More than 70% of global net per- 
manent water loss occurs in the Middle East 
and Central Asia, which is linked to drought 
and human activities, including damming, 
river diversion, and unregulated withdrawal 
(15). Global land surface could become drier 
because of the increasing trend in ET (6), 
particularly in the Northern Hemisphere, 
where vegetation greening (17) has controlled 
the decadal changes in ET (78, 19). However, 
arecent study showed that vegetation green- 
ing could also increase water availability for ap- 
proximately 45% of the global land surface (20) 
because the resulting moisture is recycled from 
vegetation to precipitation. 

The above discussion highlights the con- 
flicting conclusions that different studies have 
drawn about changes in water availability; there 
are several reasons for this. First, different 
periods are used in the different studies, vary- 
ing from one to six decades (J, 7, 21, 22). Sec- 
ond, different methods are used to estimate 
water availability changes; for example, some 
studies use water storage changes from Grav- 
ity Recovery and Climate Experiment (GRACE) 
satellite observations to reflect changes in 
water availability (22), whereas other studies 
use the climate drought severity index, poten- 
tial ET (7, 23, 24), or river flow (14, 25, 26) to 
indicate water availability changes. Without 
large-scale validations against observations 
across the global land surface, water availability 
changes estimated using different approaches 
are questionable. 

In this study, we analyzed the past two dec- 
ades to elucidate changes in water availability 
across the globe and their causality. We validated 
the water availability trend using a consistent 
method against GRACE satellite and streamflow 
observations. We used precipitation minus ET 
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q 


(P - ET) to estimate water availability on the ie 
surface and assumed that the trend in P - F-- 
a river basin is identical to the trend of water 
storage change plus streamflow at monthly to 
decadal scales. We combined multiple remote 
sensing and ground-based precipitation and ET 
datasets using simple model output averaging 
(SMA), Bayesian model averaging (BMA), and 
machine learning (ML) and developed an en- 
semble estimate for this study (materials and 
methods). The ensemble mean annual P — ET 
trend compares well [coefficient of determina- 
tion (R”) = 0.81] with the trend observed (water 
storage change plus streamflow) from 2003 to 
2016 in 134 river basins that cover 36% of the 
global land surface (figs. S1 to S6 and table S1). 


Interannual variability and trend 


The annual anomaly of water availability across 
global land surface from 2001 to 2020 varies : 
from -30 mm year to +22 mm year’, with 
an annual variance of 146 mm? year ” (Fig. 1A). 
The interannual variability in global water 
availability is largely contributed by the South- 
ern Hemisphere. Despite accounting for only 
26% of the global land area (not including 
Antarctica), the Southern Hemisphere contrib- ‘ 
utes 43 + 2.6% of the total global water avail- 
ability interannual variability with its variance 
and 19 + 3.9% with the covariance between the 
two hemispheres removed. The Northern Hem- ‘ 
isphere, accounting for 74% of the global land 
area, contributes 38 + 2.4% of the global water 
availability variance. 

The global land water availability declined 
from 2001 to 2020, with a trend of -0.96 + 
0.27 mm year ” (P < 0.05, table $2). The water 
availability across the Southern Hemisphere 
decreased significantly (-3.55 + 0.71 mm year ”, 


P < 0.05), but there was little trend in water 


availability across the Northern Hemisphere 
(-0.05 + 0.12 mm year”). The percentage ‘ 
contributions from the Southern Hemisphere 
and the Northern Hemisphere are 95.2 + 5.6% 
and 4.8 + 5.6%, respectively. The Southern 
Hemisphere therefore dominated the global 
declining water availability trend from 2001 to 
2020, despite its much smaller land surface 
area (Fig. 1, B and C). Over the Northern Hemi- 
sphere, water availability increased in southern 
China, eastern North America, and northeast- 
ern Asia and decreased in mainland south- 
east Asia, eastern Europe, and large parts of 
Siberia (Fig. 1B and fig. S7). The increasing 
and decreasing water availability trends in the 
different regions cancel each other, resulting in 
little trend when aggregated over the Northern 
Hemisphere. In the Southern Hemisphere, a 
strong decreasing trend is observed in South 
America (P < 0.01), the majority of Africa, and 
central and northwestern Australia (P < 0.05) 
(Fig. 1B). Nevertheless, there are some regions, 
such as the southern part of South America, that 
show a significant increasing trend (P < 0.05). 
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Fig. 1. Annual time series, variability, and trend of global land water availability (WA). (A) Annual time 
series of land WA across the globe (black), Northern Hemisphere (NH, red), and Southern Hemisphere 


(SH, blue). (B) Trend in WA at each 0.5° by 0.5° grid 
indicates that the trend is statistically significant at P 


cell across the globe from 2001 to 2020. Stippling 
< 0.05. (C) Aggregated trend in WA along each 


0.5° latitude band (km? year”). The solid line and shading denote the mean and 1 SD of three estimates 


[simple model output (SMA) averaging, Bayesian mod 


Attribution and causality 

The interannual variability of water availability 
in about 50% of the global land surface is 
dominated by precipitation (with a relative 
contribution ratio of variance in water avail- 
ability > 0.6) (fig. S8). This is also the case for 
the trend in water availability in wet regions such 
as eastern China, northeastern Asia, Amazonia, 
eastern North America, and Europe (Fig. 2A 
and fig. S9). Conversely, in very dry regions 
such as the Sahara, central Asia, central Australia, 
and western United States, the trend in water 
availability is driven by the trend in ET or in both 
ET and precipitation (Fig. 2A and fig. S9). The 
spatial pattern of Fig. 2A is quantitively anal- 
yzed by using the correlation between the pre- 
cipitation contribution (or ET contribution) 
and aridity index (Fig. 2, B and C), with correl- 
ation coefficient (7) = 0.41 (P < 0.001) and 7 = 0.33 
(P < 0.001) across the land surface of the Nor- 
thern Hemisphere and Southern Hemisphere, 
respectively. This analysis demonstrates the 
tendency for a higher precipitation contribution 
in wetter grid cells with a higher aridity index 


el averaging, and machine learning], respectively. 


The relationship between the precipitation 
contribution and the aridity index is further 
supported by the water availability trends in 
40 large river basins (Fig. 2, D and E). Precip- 
itation dominates the water availability trend 
in wetter basins such as the Saint Lawrence, 
Amazon, Mississippi, and Yangtze, whereas ET 
dominates the water availability trend in drier 
basins such as the Ob, Colorado, Okavango, and 
Tarim. Both precipitation and ET contribute to 
the water availability trend in some basins, 
such as the Yellow, Indus, Ganges, and Mekong 
(Fig. 2D). Strong trends in water availability are 
generally observed in basins where either pre- 
cipitation or ET dominates the trend, and little 
trend is found in basins where precipitation 
and ET contribute more evenly. Both positive 
and negative water availability trends are ob- 
served where precipitation dominates, but the 
water availability trend is generally negative 
where ET dominates (Fig. 2, D and E). 

There is a strong positive correlation be- 
tween the annual water availability and the 
Southern Oscillation Index (SOI) in southeast 


(Fig. 2, B and C). 
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Asia, the equatorial Pacific, Australia, central 
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America, and northern South America (Fig. 3A). 
The SOI is the difference between surface air 
pressure in Tahiti and Darwin. Positive SOI 
values indicate La Nifia conditions, and hence, 
a positive correlation indicates wetter condi- 
tions in the aforementioned regions during 
La Nifia and drier conditions during El Nino. The 
water availability-El Nifo-Southern Oscillation 
(ENSO) correlation here has also been observed 
for individual water cycle components, such as 
precipitation (27, 28) and river flow (29). 

In the Southern Hemisphere, regions with 
positive correlations between water availability 
and SOI largely show decreasing or insignif- 
icant water availability trends from 2001 to 
2020 (Fig. 3B). By contrast, areas with negative 
water availability-SOI correlations display a 
tendency for increasing water availability trends 
in both the Northern and Southern Hemi- 
spheres (Fig. 3B). 

There is no clear relationship between the 
water availability trend and the aridity index 
in the Northern Hemisphere (Fig. 3C). In the 
Southern Hemisphere, there is a relatively 
weak but statistically significant correlation 
between the water availability trend and the 
aridity index, with larger decreasing trends 
in wetter regions (7 = —0.19, P < 0.001) (Fig. 
3C). This observed “wet gets drier” water avail- 
ability change from 2001 to 2020 is opposite 
to the “dry gets drier, wet gets wetter” hy- 
drological change postulated under global 
warming. 

There were significant increases (P < 0.05) 
in the leaf area index (LAI) or greening over 
large areas of the Northern Hemisphere from 
2001 to 2020, especially in eastern China, India, 
and Europe (figs. S10 and S11). To investigate 
whether greening plays a role in the water 
availability and aridity index relationship, 
we separated the regions with increasing or 
decreasing LAI trends (Fig. 3C). In the North- 
ern Hemisphere, there is no relationship be- 
tween the water availability trend and the aridity 
index, and greening has little or no influence 
on the relationship. In the Southern Hemisphere, 
the statistically significant relationship between 
the water availability trend and the aridity index 
is stronger in grid cells that show an increasing 
LAI trend (7 = -0.27, P < 0.001) (Fig. 3C). These 
results suggest that the large-scale greening in 
some parts of the Northern Hemisphere was 
accompanied by both increases and decreases 
in water availability, depending on the region. 
In the Southern Hemisphere, greening has ac- 
centuated the decline in water availability driven 
by the decline in precipitation (Fig. 2A), likely 
because greening further reduces water avail- 
ability by increasing ET. 


Discussion and implication 


This study demonstrates that the interannual 
variability and trends in global water availa- 
bility from 2001 to 2020 are largely dominated 
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Fig. 2. Relative contribution of precipitation (P) and actual evapo- 
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transpiration (ET) to the trends in WA from 2001 to 2020. (A) Contribution 
across each grid cell. Blue indicates that P dominates (with a contribution 
larger than 60%), orange indicates that actual ET dominates (with a contribution 
larger than 60%), and purple means that both P and ET play an important role 
(both with a contribution of 40 to 60%). (B) Scatterplots of the P contribution 
to the water availability (WA) trend in each grid cell versus the aridity index 
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NH. A higher aridity index indicates a wetter climate. Darker regions have a 
higher density of points and cells. (©) Same as (B) except that the grid cells 
indicate the SH. (D) Aggregated trend for 40 large river basins, with each 

bar representing the mean (+1 SD) from nine estimates. *P < 0.1; **P < 0.05. 
(E) P and ET contributions to the WA trend in the 40 river basins. The results 
presented from (A) to (E) are for the SMA WA estimate (materials and methods). 
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Fig. 3. Causality for interannual variability and trends in WA. (A) Correlation 
between annual WA and annual SO! from 2001 to 2020 at each 0.5° by 0.5° 
grid cell. Stippling indicates that the correlation is statistically significant 

(P < 0.05). (B) Correlation between WA and SOI grouped by different WA trend 
categories. For each boxplot, the bottom, middle, and top of the box are the 
25th, 50th, and 75th percentiles, respectively, and the bottom and top whiskers 
show the 10th and 90th percentiles, respectively. SI, Il, ID, and SSD indicate 


by the variability and trend in the Southern 
Hemisphere. The latter are largely dependent 
on the hydroclimate region and are linked to 
regional climate, natural variability of precip- 
itation, and large-scale circulation drivers of 
changes in precipitation and ET, such as those 
related to the climate modes and vegetation 
greening (Fig. 4). The decline in water avail- 
ability over large parts of the Southern Hemi- 
sphere in the relatively short 20-year period that 
we analyzed could be related to complex changes 
in climate modes and/or their relationships 
with precipitation, such as increasing ENSO- 
rainfall variability in a warming Earth (27, 30, 3D) 
and changes in large-scale meridional circula- 
tions, such as the expanding Hadley cell (32, 33). 
Among the various climate modes, ENSO is 
particularly important because it induces in- 
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(bottom panels). 


terannual variability in precipitation and wa- 
ter availability in large parts of the Southern 
Hemisphere and equatorial Pacific, with high 
water availability during La Nina and low wa- 
ter availability during El Nifio. The ENSO 
roles are further corroborated by analyzing 
the correlations between water availability 
and the Nifio 3.4 Index—another commonly 
used index (fig. S12)—and over a longer period 
from 1983 to 2020, confirming that the precip- 
itation versus ENSO correlation in the South- 
ern Hemisphere was stronger than that in the 
Northern Hemisphere (fig. S13). In addition, 
the expansion of the Hadley cell could be an 
important factor contributing to the drying in 
the Southern Hemisphere because this expan- 
sion pushes the winter storm tracks further 
south, away from the land masses and into the 
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statistically significant increases in water availability (P < 0.05), nonstatistically 
significant increases in WA, nonstatistically significant decreases in WA, 

and statistically significant decreases in WA (P < 0.05), respectively, for the 
NH (white area) and the SH (gray area). (C) (Left) Scatterplots of trend 
versus aridity index for all grid cells, (middle) grid cells with increasing LAI, 
and (right) grid cells with decreasing LAI for the NH (top panels) and SH 


Southern Ocean (33, 34). Notably, the Coupled 
Model Intercomparison Project Phase 5 (CMIP5) 
and CMIP6 models project a poleward shift of — 
the Hadley cell edge that is about two to three 
times as large in the Southern Hemisphere as 
it is in the Northern Hemisphere (35). 

The complex trends in water availability in 
the Northern Hemisphere can be partly related 
to direct and indirect human activities (Fig. 4). 
Irrigation can alter water availability regionally, 
but its role is secondary compared with natural 
climate variability and changes in precipitation 
and ET (36). For example, in the northern mid- 
latitudes (16° to 22° and 35° to 42°), irrigation 
and greening may have contributed to the de- 
creasing trend in water availability. Both LAI 
and water availability have largely increased, 
suggesting that vegetation greening may be 


4 of 6 


RESEARCH | RESEARCH ARTICLE 


Greening > 


tS 
ee 4, 


a Irrigation Vv 


~ eS) Siliee 
Ee Me 


Sy 
> 7 
. r t 
dein mae ie . 


eA ¢ 


Regional climate (K6ppen zone) Regional hydroclimate (aridity index) Natural variability of precipitation 


x 


Fig. 4. Conceptualized understanding of major factors controlling variability and trends in WA. Natural variability of precipitation in the lower-right panel is 
expressed as the coefficient of variation of precipitation, the ratio of the SD of annual precipitation to the annual mean. LULC, land use and land cover. 


positively coupled with regional water avail- 
ability (20) (fig. S11). Therefore, greening could 
be a water availability driver (negative effect) 
and/or a response variable of water availa- 
bility (positive effect), particularly in the north- 
ern midlatitudes, where both greening and 
water availability are strongly influenced by 
anthropogenic activities. Therefore, vegetation 
changes and large-scale irrigation can play a 
secondary role in controlling regional water 
availability (Fig. 4). 

Our study has broad implications. First, it is 
crucial for water-resource managers to under- 
stand the dominant factors controlling inter- 
annual variability and trends in water availability. 
Precipitation has dominated the variability and 
trends in water availability, especially in the 
Southern Hemisphere, such as in South America 
and Australia, where river flow has been pro- 
jected to continue to decline under climate 
change (37). Vegetation changes and irrigation, 
which are correlated in the irrigated regions, 
can play secondary roles at small to regional 
scales. Second, in terms of ecohydrology, vege- 
tation greening could reduce local water availa- 
bility, but our findings indicate that its large-scale 
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impact is relatively weak. Vegetation greening 
can arise not only from an increase in precipi- 
tation but also from direct anthropogenic in- 
terventions, such as ecological restoration to 
mitigate land degradation and irrigation to 
enhance food production (17). Moreover, it 
fosters moisture recycling by increasing precip- 
itation (38), indicating a coevolution of vegeta- 
tion greening and water availability in the 
Northern Hemisphere. However, it is difficult 
to disentangle the interactions between vege- 
tation and water availability despite recent ef- 
forts in modeling (20, 39, 40). Third, in many 
parts of the world, especially in wet regions 
such as the Amazon, EFT plays a relatively minor 
role in determining water availability trends. 
Fourth, water availability provides a funda- 
mental water source for carbon and nutrient 
cycles in ecosystems across the global land sur- 
face (41). Therefore, our results provide some 
indication for trends in vegetation growth 
(42), carbon, and other nutrients, including 
regional declining trends in the carbon cycle 
in Amazonia (43). Last, our results and con- 
clusions pertain to the past two decades and 
thus can at least provide a constraint for global 
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models driven by the observed sea surface 
temperature variability. 

It remains challenging to determine and inter- 
pret water availability trends and their drivers 
over a longer period before 2000 because large 
basin-scale validation data are not available 
and because robust and consistent remotely 
sensed ET estimates are available only for the 
recent decades (44). Fusion of observations 
and global model simulations, including multi- 
model ensembles and large-ensemble simu- 
lations, can potentially reduce uncertainty 
in estimating water availability over a longer 
period. 
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Electrically gated molecular thermal switch 
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Controlling heat flow is a key challenge for applications ranging from thermal management in electronics 
to energy systems, industrial processing, and thermal therapy. However, progress has generally been 
limited by slow response times and low tunability in thermal conductance. In this work, we demonstrate 
an electronically gated solid-state thermal switch using self-assembled molecular junctions to achieve 
excellent performance at room temperature. In this three-terminal device, heat flow is continuously and 
reversibly modulated by an electric field through carefully controlled chemical bonding and charge 
distributions within the molecular interface. The devices have ultrahigh switching speeds above 

1 megahertz, have on/off ratios in thermal conductance greater than 1300%, and can be switched more 
than 1 million times. We anticipate that these advances will generate opportunities in molecular 
engineering for thermal management systems and thermal circuit design. 


astering electricity has driven the cur- 

rent age of modern information tech- 

nology. For electronic devices, as early 

as the 1920s, scientists understood how 

to make a two-terminal device by con- 
tacting a sharp metal tip and a semiconductor 
crystal. These point-contact diodes have a large 
contrast in resistance depending on the flow 
direction of current and were used to rectify 
signals and make simple AM radio receivers. 
However, it took many years before the three- 
terminal solid-state device—the transistor—was 
invented at Bell Laboratories in 1947 (7). In 
the concept of electronics, the conductance 
can be continuously tuned by applying voltage 
through a third terminal. This breakthrough 
was recognized by the Nobel Prize in Physics 
in 1956 (2) and became a cornerstone of mod- 
ern electronics, greatly influencing everyday 
life ever since. 

For thermal devices, much work has been 
devoted to the control of heat flow for wide- 
spread applications ranging from thermal man- 
agement in electronics to heating and cooling 
facilities in households and industry, thermal 
energy conversion and storage, and vehicle and 
aerospace operations (3-10). However, such 
control over heat is far behind the degree of 
control that has been achieved for electrons. 
Fundamentally, controlling thermal conduc- 
tance using convenient handles—e.g., electric 
fields—has been a long-term but elusive dream 
for physicists and engineers, challenged by the 
spectral distribution of heat carriers and their 
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complicated and weak interactions with exter- 
nal fields (11). 

Advances in nanotechnology have greatly 
extended our understanding of and capabili- 
ties in the design and control of materials’ prop- 
erties and have provided opportunities for 
thermal control. For example, heat transport 
at low dimensions can be anomalous and can 
break Fourier’s law. Early progress in demon- 
strating thermal rectification has been reported 
using carbon and boron nitride nanotubes with 
inhomogeneous mass loading (72). In such two- 
terminal devices, thermal conductance switch- 
ing changes of up to 7% were observed for 
reversed heating directions. A great deal of 
theoretical and experimental work has been 
developed (13-20) to tune room-temperature 
thermal transport in solids relying mainly on 
structural phase changes or mass transfer, elec- 
trochemical scattering motion of ions, or other 
heat carriers. The usefulness of these approaches 
is largely limited not only by small switching 
ratios but also by intrinsically slow response 
speeds—typically from minutes to hours (i.e., 
usually far below 1 Hz). In this work, we demon- 
strate electrically gated three-terminal thermal 
switches that achieve high performance with 
>1-MHz switching speed, 1300% tunability in 
thermal conductance, and high reversibility 
over 1 million switching cycles. These values are 
substantial advancements over current solid- 
state thermal devices at room temperature. 


Electrically gated three-terminal 
thermal devices 


We illustrate the concept of our thermal switch 
with a symbolic diagram in Fig. 1A that is anal- 
ogous to an electronic transistor. The device 
channel is contacted between a hot and cold 
thermal reservoir, with temperatures Tj; and 
Tc, respectively. A third terminal using an elec- 
tric field serves as the gate to control thermal 
conductance of the channel and thereby the 
heat flow. We designed this thermal switch and 
imaged the microstructure of our fabricated de- 
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vice [see supplementary materials (27) fol ed 
tails] with scanning electron microscopy (SL-,— 
(Fig. 1B) from a tilted top-view angle and used 
high-resolution transmission electron micros- 
copy (TEM) from a cross-sectional angle (Fig. 1C). 
We show a thin-film structure with an atomical- 

ly resolved interface. This multilayer solid-state 
thin film consists of a self-assembled monolayer 
(SAM) of carboranethiol cage molecules on a 
bottom layer of gold (Au) from evaporative de- 
position and topped by single-layer graphene, 
which serves as the active conduction channel. 
Specifically, we achieved a cross-plane molecular 
junction using a SAM based on 9-SH-0-C2ByoHy 
(O9) (22-24). These molecules form high-quality 
monolayers with minimum defect structures in 
complete monolayers limited to translational 
and rotational offsets in the registry of attach- 
ment to the substrate. We have shown that such 
layers provide the capability to tune the band : 
alignment between contacts and the active 
layers in organic electronics (24). In this work, 
we show a typical scanning tunneling micros- 
copy image of the carboranethiolate SAM and 
its closely packed and uniform structure with 
an atomically smooth exposed surface (Fig. 1D). 
The mechanism of the thermal switching is based ‘ 
on electrical control of atomic bond strengths 
for the molecular junctions that thereby con- 
trols thermal conductance. 

We measured the thermal conductance (G) * 
of the device per unit area, which shows a strong 
dependence of gate voltage (V,) when applied 
across the molecular junction (Fig. 1E). When V, 
is applied from 2.5 to —-2.5 V, G exhibits a large 
monotonic increase from 10 to 134 MW/m?K 
(red symbols). The thermal conductance con- 
trol is >1300%, much higher than that of other 
demonstrations of electrical modulation (/5, 16). 
We also investigated molecular junctions where 
graphene was removed, and the G shows ambi- 
polar behavior (blue symbols) that increases from ‘ 
23 MW/m°K when V, = 2.5 V to 84 MW/m?K 
when V, = 0 V and then decreases to 8.0 MW/ 
m°K when V, = -2.5 V. To test device rever- 
sibility, we performed the gate switching mea- 
surement for up to 1 million cycles. Our cycling 
measurements indicate that the gate switching 
on thermal conductance is highly reversible 
between the on and off states (Fig. 1F). This 
dynamic and reversible tunability of thermal 
conductance using an electric field effect demon- 
strates the robustness of these molecular ther- 
mal devices with high switching ratios (15, 16). 


First-principles theory 


To elucidate the fundamental operation mecha- 
nisms, we performed first-principles calculations 
to determine the atomic charge distributions 
and thus the bonding energy (e) of the mo- 
lecular channel. We applied density functional 
theory (DFT) to calculate the spatial charge 
distribution over the atomic structure of Au- 
SAM-graphene (Fig. 2A) (27). Au and the S 
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Fig. 1. Device design and 
transport performance of 
the molecular thermal 
switches. (A) Conceptual 
illustration of the three- 
terminal thermal device. 
(B) Tilted top-view SEM 
image of the micro- 
structure, consisting of a 
monolayer of carborane- 
thiol cage molecules on a 
Au layer topped by single- 
ayer graphene. (C) High- 
esolution cross-sectional 
TEM image of the device 
structure showing the 
atomically resolved 
interface. (D) Scanning 
tunneling microscopy 
image of the carborane- 
thiolate molecular mono- 
ayer on Au{111}. The image 
was acquired in constant- 
current mode at a -0.1-V 
bias under ambient 
conditions. (E) The 
measured thermal con- 


A 


The value of Got is 10 MW/m°K. 


atoms (inside the SAM) form chemical bonds 
by sharing electrons, and the bond strength is 
characterized by the charge density difference 
(Paiss) (25) 


Paitt = PAu+sam — (Pau + Psam) qd) 


where Pau:sam PAw 20d psam are the charge 
density distributions of the bonded system, of 
the isolated Au surface, and of the isolated SAM, 
respectively. Thus, pair is responsible for the 
formation of the Au-SAM bond. To reveal the 
deterministic effects of V, on electron sharing, 
we quantified the redistribution of electrons 
through the calculation of paige as a function 
of electric field. 

We performed calculations for the Au-SAM 
system (i.e., without graphene). We illustrate the 
gating effects by plotting the variations of the 
charge density distributions (Ap gig) under applied 
gate voltages (Fig. 2, B and C). The results indicate 
that the electrons at the bonding site—i.e., the 
Au-S bonds—have a large dynamic change. Elec- 
trons are pulled away from the S atom when a 
positive V, is applied (Fig. 2B). By contrast, the 
electrons are more attracted toward the S atom 
on the carboranethiolate molecule when a nega- 
tive V, is applied (Fig. 2C). In either case, re- 
duction in shared electrons between S and Au 
atoms eventually suppresses their covalent 
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Graphene 
SAM 


V, (V) 


interactions and weakens their bond strength 
(26). Quantitatively, we calculated the Au-SAM 
bond energy (€au-sam) through first-principles 
theory (27) as a function of electrical voltage 


Eau-saM = (Eau + Esam) — Eaursam (2) 


where Equssam, Eau, and Esam are the energy 
of the bonded system, that of the isolated Au, 
and that of the isolated SAM, respectively. Be- 
cause the Au-SAM bond is one of the weakest 
covalent bonds in the system (27-29), our calcu- 
lation shows that gate tuning of €4y-sam is con- 
siderable, and the Au-S bond forms the thermal 
resistance inside the channel. Notably, €au-sam 
(blue solid curve) exhibits an ambipolar depen- 
dence as a function of voltage (Fig. 2D), similar 
to the measured trend for thermal conductance 
(Fig. 1E). Consistently, substantial changes in 
electrical conductance, hybridization, and pre- 
sumably charge redistribution were observed 
at molecule-substrate interfaces as a result of 
motion (tilt) of adsorbed molecules (30). 

We also performed first-principles calcu- 
lations for a thermal device including the top 
graphene layer—i.e., the Au-SAM-graphene 
system. We applied nonlocal DFT to capture 
such long-range interactions accurately with 
an ab initio approach (31-34). Using Eq. 2, we 
determined the bond energy for SAM-graphene 
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ductance (G) as a function of gate voltage (V,). Red and blue curves represent device structures with and without graphene, respectively, as illustrated 
by the inset schematics. The shadowed background represents measurement uncertainty. (F) Reversibility test of electrical gating between + 2.5 V on cycling 
measurements of the thermal device with graphene up to 1 million times. Red and black dashed guidelines indicate ratios of 1300% and 100%, respectively. 


(Fig. 2D). We found a monotonic dependence 
for €sam-graphene (red curve) on voltage, which 
is a similar trend as observed in our measure- 
ments of gated thermal conductance. The cal- 
culation results are consistent with generally 
understood van der Waals interaction energies 
being derived from higher-order dipole-dipole 
interactions based on quantum perturbation 
theory (35). The bond energies increase with 
external electric fields because of the enhanced 
dipole moments determined by positive and 
negative charge separation. In addition, our 
theory shows strengthened Au-SAM bonding 
and its weak voltage dependence after adding 
a graphene layer (Fig. 2D, blue dashed line) 
because of the redistribution of charge density 
(21) at these interfaces (36). Therefore, our 
first-principles calculations indicate a funda- 
mental tuning mechanism for thermal con- 
ductance by electric field-modulated charge 
redistribution. This family of carborane mol- 
ecules are particularly well suited for this 
purpose, not only because of their robust self- 
assembly but because charge distribution within 
the cage is determined by the carborane cage 
selected as well as the point or points of attach- 
ment (22, 37). We anticipate the potential for fur- 
ther enhancement of these devices by optimizing 
the polarizability and charge distributions of the 
molecular layer by selecting both the molecular 
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Fig. 2. Thermal switching operation mechanisms. (A) Atomic structure of the 
Au-monolayer(S-carborane)-graphene system. (B and C) Deviational charge 
density differences (Apgir) determined by DFT under an electric field of 0.6 V/A 
(B) and -0.4 V/A (C). Insets indicate the three-dimensional charge distributions. 
(D) Bond energies determined by DFT. Plotted as a function of V, are the 
calculation results for the atomic bonds, including Au-S without graphene (blue 


isomers of the cage molecules and the chemistries 
of attachment. 


In situ vibrational spectroscopy 


To test the calculated results, we experimen- 
tally measured the vibrational spectra corres- 
ponding to the interface bonding using in situ 
surface-enhanced Raman as a function of gate 
voltage. We applied the excitation laser with 
parallel incidence to the cross-plane of the ther- 
mal device film to study the interface vibration- 
al modes. The A; and 2D Raman peaks are 
located at ~296 and 2608 cm‘, respectively. 
The A, mode is the symmetric Au-S stretching 
vibration of Au-carboranethiolate (Fig. 2E) (38). 
As shown in the two-dimensional scanning 
image (Fig. 2E), with V, sweeping from +2 to 
-2 V, the Raman peak first increases from 
276.2 to 294.0 cm and then decreases to 
274.9 cm *. We observe ambipolar behavior con- 
sistent with the theoretically predicted bond 
energy variations (Fig. 2D) (39) and the observed 
ambipolar behavior of the measured conduc- 
tance. For the Au-SAM-graphene system, we 
measured the evolution of the 2D mode Raman 
spectra as a function of V, (Fig. 2F). The 2D 
Raman peak represents the double resonance 
process of photon scattering with two trans- 
verse optical (TO) phonons near the Brillouin 
edge and has a robust vibrational footprint 
frequency that quantifies the strain-dependent 
shift resulting from the spatial force heteroge- 


Li et al., Science 382, 585-589 (2023) 


lle) «Raman intensity 
Graphene - SAM 


Apgige (10" /A3) 


10° 
Enusam (V) 


neity. In this case, because of the curvature of 
the carborane molecules, the repulsive and at- 
tractive forces at the apex and shoulder of car- 
borane stretch the graphene and induce lateral 
strains on the graphene through van der Waals 
interactions (40). Thus, stronger van der Waals 
interactions result in larger 2D Raman peak 
position shifts (47). The 2D Raman peak shows 
monotonic decreases from 2612.4: to 2599.1 cm 
(a shift of 13.3 cm~') when the gate voltage is 
swept from +2 to —2 V (Fig. 2F), which indicates 
continuous and tunable modulation through 
van der Waals interactions under the applied 
electric field. The correlations between the 
van der Waals interactions and strain can be 
evaluated further from our measurements. The 
biaxial strain of graphene caused by the van der 
Waals interactions can be estimated from Fig. 
2F to be ~0.08%, according to the 2D Raman 
peak shift coefficient of ~160 cm™’/% versus 
biaxial strain in the linear elasticity regime (41). 
Because the strain is induced by the van der 
Waals interactions, the change of the interface 
bond energy can be estimated from the mecha- 
nical energy change. Considering a harmonic 
model for graphene with a stiffness of 150 N/m 
(42), the Raman peak shift estimates such en- 
ergy changes as ~0.35 eV per molecule, which 
agrees with the predicted value from our DFT 
calculations (Fig. 2D). These in situ Raman 
measurements are consistent with electric field- 
induced changes in bond energy, predicted 
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solid line), Au-S with graphene (blue dashed line), and SAM-graphene (red line). 
(E and F) Experimental measurements of Raman peaks as a function of V». 

(E) Gate tuning of the stretching vibrational mode for Au-S. (F) Gate tuning of 
the 2D mode for graphene-SAM. (G and H) Molecular dynamics simulation 
results of thermal conductance as a function of bond energy for Au-SAM (G) 
and graphene-SAM (H) systems. 


by our first-principles theory, as the dynamic 
tuning mechanism for the thermal switch- 
ing behaviors. In addition, we simulated the 
thermal conductance to evaluate its dependence 
on bond energies using molecular dynamics 
(43). Our first principles-derived bond energies 
were input into the simulations to describe the 
interface interactions. The simulation domain 
mimics the experimental conditions without 
and with graphene (Fig. 2, G and H, respective- 
ly) under the varied bond energy for €au-sam 
and €sam-graphene Which verifies the trend of 
gate tuning on thermal conductance. 


High-speed thermal switching 


As a further step, we performed direct mea- 
surements to characterize the thermal switching 
speeds. A key challenge for developing solid- 
state thermal switches is the intrinsically slow 
motion of heat and/or mass flow that usually 
limits thermal switching responses to minutes 
or hours. In this molecular thermal switch design, 
however, the driving mechanisms are field- 
induced, nearly instantaneous atomic-level 
charge and bonding dynamics, with the result 
that we achieved ultrahigh switching frequen- 
cies. We tested gating frequency using ultrafast 
optical spectroscopy based on the time-domain 
thermoreflectance (TDTR) technique. This tech- 
nique is well suited for measuring the molecular 
switches because no physical contact is required 
with the sample, and the measurement provides 
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Fig. 3. High-switching speed measurements of electrically gated molecular 
thermal switch. (A) Schematic of experimental setup for time-dependent thermal 
conductance measurements under periodic gating voltage with varied gating 
frequency (fgate). BIBO, bismuth triborate; EOM, electro-optic modulator; tdciay, 
time delay. (B) Experimental data of thermal conductance (circles) in response 


high measurement resolution and accuracy. We 
have used TDTR to measure the thermal con- 
ductance of a wide range of materials, includ- 
ing molecular junctions (4, 9, 17, 43-47). We 
used a train of 800-nm femtosecond laser pulses 
divided into a pump beam and a probe beam by 
a beam splitter (Fig. 3A). We used the pump 
beam to heat up the devices and the probe beam 
to detect the resulting temperature responses 
and determine the thermal conductance. The 
ultrafast measurements with subpicosecond 
time resolution enable effectively instantaneous 
thermal conductance determinations in real 
time upon gate tuning. To test the switching 
frequency (feate), time-dependent conductance 
changes versus periodically varied gating voltage 
are monitored. Our measured thermal conduc- 
tance (circles) is reversibly switched between on 
and off states, following V, with frequencies 
from 0.1 Hz to 1 MHz (Fig. 3B). The close 
synchronization between the thermal conduc- 
tance and gating voltage (Fig. 3B) and the two- 
dimensional frequency scanning plot (Fig. 3C) 
indicates that the switching speed of our ther- 
mal switching is at least 1 MHz. 


Conclusions 


We have developed an electrically gated ther- 
mal switch based on solid-state molecular struc- 
tures that demonstrates excellent performance at 
room temperature, with switching speeds above 
1 MHz, switching ratios greater than 1300%, 
and high reversibility over 1 million gating cycles. 
We performed first-principles atomistic calcula- 
tions and in situ vibrational spectra measure- 
ments to capture the dynamic physics of interface 
bonding and quantitatively explained our ex- 
perimental results. The cage molecules that we 
used can be tuned to optimize polarizability and 
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thus charge redistribution under gate control 
at the overlayer interfaces to enhance switching 
ratios further. Detailed calculations, as demon- 
strated above, guide both molecular and device 
design. With the availability of electrical control 
over heat flow and compatible fabrication with 
modern electronics, phonons can be integrated 
with electronics and photonics for future infor- 
mation processing. We anticipate that this con- 
cept will aid in the discovery of new opportunities 
in the control of thermal current for logic circuits 
as well as in thermal management and energy 
technologies. 
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Herbivory limits success of vegetation 


restoration globally 


Changlin Xu’, Brian R. Silliman’, Jianshe Chen’, Xincheng Li’, Mads S. Thomsen**, Qun Zhang’, 
Juhyung Lee®®, Jonathan S. Lefcheck”®, Pedro Daleo®, Brent B. Hughes?°, Holly P. Jones", 
Rong Wang”, Shaopeng Wang”, Carter S. Smith’, Xinqiang Xi’*, Andrew H. Altieri?°, 

Johan van de Koppel’*””, Todd M. Palmer’®, Lingli Liu®, Jinhua Wu2°, Bo Li#!, Qiang He** 


Restoring vegetation in degraded ecosystems is an increasingly common practice for promoting 
biodiversity and ecological function, but successful implementation is hampered by an incomplete 
understanding of the processes that limit restoration success. By synthesizing terrestrial and 

aquatic studies globally (2594 experimental tests from 610 articles), we reveal substantial herbivore 
control of vegetation under restoration. Herbivores at restoration sites reduced vegetation abundance 
more strongly (by 89%, on average) than those at relatively undegraded sites and suppressed, 

rather than fostered, plant diversity. These effects were particularly pronounced in regions with higher 
temperatures and lower precipitation. Excluding targeted herbivores temporarily or introducing their 
predators improved restoration by magnitudes similar to or greater than those achieved by managing 
plant competition or facilitation. Thus, managing herbivory is a promising strategy for enhancing 


vegetation restoration efforts. 


egetation is a primary foundation of 

Earth’s ecosystems, spanning from rain- 

forests and grasslands on land to seagrass 

beds and kelp forests in coastal oceans. 

Vegetation in many ecosystems, however, 
has been extensively degraded, resulting in 
the loss of biodiversity and critical services to 
humanity (/, 2). The restoration of degraded 
vegetation has been increasingly adopted to 
recover ecosystem functions and services (e.g., 
carbon sequestration and flood mitigation), 
which contributes to efforts to achieve many 
of the United Nations (UN) Sustainable Devel- 
opment Goals (3, 4). To fulfill commitments 
in the UN Decade on Ecosystem Restoration, 
governments, nongovernmental organizations, 
and local communities are seeking effective 
strategies to restore vegetation. 

Restoration of vegetated ecosystems has 
traditionally adopted a bottom-up framework 
(i.e., the “Field of Dreams” hypothesis), which 
posits that plants (and subsequently higher 
trophic levels) will recover through natural 
plant propagation if the cause of degradation 
(e.g., tree logging, farming, or plant invasion) 
is removed, sometimes with additional activities 


to ameliorate changes to the physical environ- 
ment (e.g., hydrological modification or soil 
amendment) (5). We refer to this restoration 
approach as natural regeneration (also known 
as passive restoration) (5). A more active ap- 
proach is planting seeds, seedlings, or other 
plant propagules to expedite vegetation recov- 
ery. We refer to this approach as planted res- 
toration (also known in some literature as active 
restoration) (6, 7). 

Plant abundance and diversity in ecosystems 
that are restored by these bottom-up approaches 
often do not fully recover, even after decades 
(but there are exceptions, especially at tropical 
sites) (7, 8). This limited recovery may be 
caused by unrecognized top-down control of 
vegetation by herbivores or indirectly by the 
loss of predators that control herbivore popu- 
lations (9, 10), which limits vegetation estab- 
lishment or growth at restoration sites. Top- 
down control has been documented extensively 
as a key force that structures vegetation in rel- 
atively undegraded ecosystems where trophic 
interactions among plants, herbivores, and 
predators have stabilized (11, 12). Despite studies 
on specific ecosystems or consumers (13, 14), 


q 


there has not yet been a global assessme1 Chee 


upde 


top-down effects on restoration. This gap hese 
pers progress in upscaling restoration and leaves 
the recent initiative of trophic rewilding, in 
which reintroducing predators is recommended 
to promote biodiverse and self-regulating eco- 
systems (15), unsubstantiated by broad empir- 
ical evidence. 

We present an assessment of top-down con- 
trol of vegetation under restoration globally by 
assembling a dataset of consumer effects on 
vegetation, with 1898 field experimental tests 
conducted in 64 countries and published in 451 
articles [the Global Consumer Effects dataset 
(16); see figs. S1 and S2, table S1, and materials 
and methods (/7)]. This dataset includes tests of 
consumer effects on vegetation by herbivore 
exclusion or addition (1883 tests) or predator 
reintroduction (15 tests) at relatively undegraded 
(550 tests), natural regeneration (1049 tests), 
and planted restoration (299 tests) sites. We con- 
sidered relatively undegraded sites (hereafter, 
undegraded sites) to be those not impaired 
by recent anthropogenic disturbance, although 
we recognize that few sites on Earth remain com- 
pletely undisturbed. These tests encompassed 
terrestrial and aquatic (freshwater and ma- ‘ 
rine) biomes across all six vegetated continents 
(Fig. 1A) and spanned tropical, subtropical, and 
temperate regions (274, 773, and 851 tests, re- 
spectively, with tropical aquatic studies con- * 
siderably less represented; Fig. 1C) and broad 
gradients of temperature and precipitation 
(Fig. 1B). Each test included measures of veg- 
etation abundance (density, percent cover, bio- 
mass, or survival; 1434 tests) or diversity 
(species richness, Shannon diversity, Simpson’s 
evenness, or Pielou’s evenness; 464: tests), both 
in control (X¢) and in herbivore exclusion or 
predator reintroduction (X;) treatments [the 
relatively small number of herbivore addition .« 
studies were omitted in our main analyses (17); ° 
fig. S3]. These vegetation measures represent 
proxies for desirable restoration outcomes be- 
cause they correlate with valued ecosystem 
functions such as carbon sequestration and 
ecosystem stability (78, 19). For each test, we 
calculated the effect size of herbivores on 
vegetation abundance and diversity using the 
log response ratio, InCX(/X7), with negative and 


IMOE Key Laboratory for Biodiversity Science and Ecological Engineering, National Observations and Research Station for Wetland Ecosystems of the Yangtze Estuary, School of Life Sciences, 
Fudan University, Shanghai, China. “Nicholas School of the Environment, Duke University, Beaufort, NC, USA. Marine Ecology Research Group and Centre for Integrative Ecology, School of 


Biological Sciences, University of Canterbury, Christchurch, New Zealand. “Department of Bioscience, Aarhus U 


niversity, Roskilde, Denmark. °Marine Science Center, Northeastern University, 


Nahant, MA, USA. °Department of Oceanography and Marine Research Institute, Pusan National University, Busan, Republic of Korea. ’Tennenbaum Marine Observatories Network and 


MarineGEO Program, Smithsonian Environmental Research Center, Edgewater, MD, USA. *University of Marylan 
Investigaciones Marinas y Costeras (IIMyC), UNMdP, CONICETC, Mar del Plata, Argentina. !?Department of Bio 
Sciences and Institute for the Study of the Environment, Sustainability, and Energy, Northern Illinois University, 
Tiantong Forest Ecosystem National Observation and Research Station, East China Normal University, Shangha 
Key Laboratory for Earth Surface Processes of the Ministry of Education, Peking University, Beijing, China. “De 
China. Department of Environmental Engineering Sciences, University of Florida, Gainesville, FL, USA. “Depar 


id Center for Environmental Science, Cambridge, MD, USA. “Instituto de 

logy, Sonoma State University, Rohnert Park, CA, USA. "Department of Biological 
DeKalb, IL, USA. ?*School of Ecological and Environmental Sciences, Zhejiang 

i, China. Institute of Ecology, College of Urban and Environmental Sciences, and 
partment of Ecology, School of Life Science, Nanjing University, Nanjing, Jiangsu, 
ment of Estuarine and Delta Systems, Royal Netherlands Institute for Sea 


Research, Yerseke, Netherlands. ‘Conservation Ecology Group, Groningen Institute for Evolutionary Life Sciences, University of Groningen, Groningen, Netherlands. ‘*Department of Biology, 


University of Florida, Gainesville, FL, USA. State Key Laboratory of Vegetation and Environmental Change, Ins 


itute of Botany, Chinese Academy of Sciences, Beijing, China. 


20State Key 


Laboratory of Herbage Improvement and Grassland Agro-Ecosystems, and College of Ecology, Lanzhou University, Lanzhou, Gansu, China. “Yunnan Key Laboratory of Plant Reproductive Adaptation 
and Evolutionary Ecology and Centre for Invasion Biology, Institute of Biodiversity, School of Ecology and Environmental Science, Yunnan University, Kunming, Yunnan, China. 


*Corresponding author. Email: he_qiang@hotmail.com 


Xu et al., Science 382, 589-594 (2023) 


3 November 2023 


1 of 6 


RESEARCH | RESEARCH ARTICLE 


A 

A 

= 

ae 

a 

= 

[S} 

e 

Oo 

o 

cc 

= | 

Bi = | 

Oo 

3 

F- 

-100 0 

B Se 


600 - Type of restoration 


@ Relatively undegraded 


Natural regeneration 
500 e g 


@ Planted restoration 


€ 400 
= Cc Tropical 
2 Subtropical 
& 300 Temperate 
2 
= 6 Tropical 
=i 
= 200 o Subtropical 
o 2 
Ss = Temperate 
2 E 
100 2 Tropical 
Subtropical 
0 Temperate 


30 
Mean annual air temperature (°C) 


20 10 0 -10 -20  -30 


Fig. 1. Global patterns in the study of consumer effects on vegetation. 

(A) Global distribution of tests at natural regeneration, planted restoration, and 
relatively undegraded sites. The insets show the distributions of the abundance 
of tests per 10° km? of land area (excluding Antarctica) along latitudinal and 
longitudinal gradients (one point of test abundance, 41, between longitude -165° 
and -170° was omitted from the figure for visual clarity). Tests on aquatic vegetation 
that occur primarily along shorelines were also included to compute test abundance 
per unit land area. The equidistant cylindrical projection, instead of an equal-area 
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projection, is used for the background map to align it with the insets that show 
test abundance. (B) Distribution of tests in the global climate space defined by MAT 
and MAP (gray points represent 1,000,000 randomly sampled points of global land 
areas, and colored points represent tests included in our dataset; 88 of the 5/4 
coastal marine tests that did not have standardized climate data were omitted from 
the figure). (©) Number of tests in different biomes (terrestrial and aquatic) and 
climatic regions (tropical, subtropical, and temperate). Sample sizes are shown as 
number of tests|number of articles to the right of each bar. 


positive values indicating negative and positive 
effects of herbivores, respectively. For each test, 
we also collected several covariates to identify 
moderators of variation in effect sizes (17): biotic 
(e.g., plant life forms such as macroalgal, her- 
baceous, or woody; herbivore size classes such 
as invertebrate, small vertebrate, and large ver- 
tebrate; the provenance of plants and herbi- 
vores), climatic [mean annual air temperature 
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(MAT) and mean annual precipitation (MAP)], 
and methodological (e.g., study duration and 
plot size, that is, the area where herbivores were 
removed). 

Additionally, to assess the effect size of man- 
aging herbivory (through herbivore exclusion 
or predator reintroduction) versus managing 
other widely considered biotic drivers of veg- 
etation restoration, we assembled a global 
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dataset of 696 tests on the effects of managing 
plant competition and facilitation from 167 
articles [the Global Plant Interactions and 
Restoration dataset (16); fig. S1 and table S1] 
(17). Each of these tests measured vegetation 
abundance in control (X¢) and in competitor 
removal or facilitator inclusion (Xr) treatments 
at a natural regeneration or planted restora- 
tion site. Effect sizes of competitor removal or 
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Fig. 2. Herbivores exert stronger effects on vegetation at restoration sites than at undegraded sites 
globally. (A and B) Herbivore effect sizes on plant abundance (A) and diversity (B) at natural regeneration, 
planted restoration, and relatively undegraded sites. Analyses were conducted for studies in terrestrial, 
aquatic, and all (combined) biomes. Effect sizes are log response ratios (InRR), with negative and positive 
values indicating negative and positive effects of herbivores, respectively. Center bolded lines represent mean 
effect sizes, and error bars represent 95% Cl. Sample sizes are shown as number of tests|number of articles 
to the left of each bar. Statistical significances are shown with P values. Within each analysis (shaded area), 
bars that share a letter (i.e., a, b, or c) do not differ significantly from one another (P > 0.05, based on 
post hoc multiple comparisons with Holm correction). Relatively undegraded, natural regeneration, and 
planted restoration sites are indicated with green, purple, and orange boxes, respectively. 


facilitator inclusion were calculated as In(X7/Xc), 
with positive values indicating positive effects of 
management. We then compared these effect 
sizes with those of herbivore exclusion or 
predator reintroduction calculated for tests 
in the Global Consumer Effects dataset. Our 
analyses are robust to inclusion of tests with 
zero values (table S2) and potential publica- 
tion bias (fig. S4 and tables S3 to S6). 


Global, amplified effects of herbivores on 
vegetation under restoration 

We first assessed the mean effect sizes [with 
95% confidence interval (CI)] of herbivores at 
restoration (natural regeneration and planted 
restoration) sites in comparison to undegraded 
sites. We found strong negative effects of her- 
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bivores on the abundance of vegetation under 
restoration across terrestrial and aquatic bi- 
omes globally. Although herbivores naturally 
reduced vegetation abundance at undegraded 
sites (-32% on average), reductions were sig- 
nificantly stronger at restoration sites (-52%; 
Fig. 2A). This finding was corroborated by sup- 
plementary analyses that (i) focused on studies 
that tested herbivore effects at both unde- 
graded and natural regeneration sites (fig. S5), 
Gi) used more-specific vegetation performance 
measures (fig. S6), Gi) accounted for differ- 
ences in sample size through bootstrap re- 
sampling (table S7) (17), and (iv) accounted for 
potential effects of covariates through multi- 
variate modeling (table S8) (77). Subsequently, 
vegetation recovery was often slower and less 
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complete if herbivores were unchecked at res- 
toration sites (fig. S7). Indeed, herbivore den- 
sity was generally higher at restoration sites 
than at undegraded sites, and greater densities 
of herbivores often more strongly suppressed 
vegetation abundance (fig. S8). Herbivores 
(generalists in particular) can retreat during 
disturbance and rapidly reestablish (20), which 
likely contributes to amplified herbivore effects 
at restoration sites. Although herbivores might 
suppress vegetation abundance more strongly 
at high productivity sites (fig. S9), plant pro- 
ductivity was often lower at restoration sites 
than at undegraded sites (fig. S9) and thus could 
not explain the amplified herbivore effects at 
restoration sites. 

We also examined whether the amplified 
effects of herbivores on vegetation abundance 
at restoration sites were consistent among 
different biomes, climatic regions, and types 
of restoration. We found amplified herbivore 
effects in both terrestrial and aquatic biomes 
(Fig. 2A) for both natural regeneration and 
planted restoration, which used different types 
of propagules like seeds, seedlings, or adults 
(Fig. 2A and table S9), and in tropical and 
subtropical regions (fig. S10). In temperate 
regions, however, herbivore effects were strongly 
negative at both undegraded and restoration 
sites (fig. S10). Our results also revealed some 
fundamental differences in herbivore effects 
between terrestrial and aquatic biomes. Herbi- 
vore effects on vegetation abundance were sim- 
ilar between natural regeneration and planted 
restoration sites in terrestrial biomes (grass- 
lands and forests), whereas in aquatic biomes 
(freshwater wetlands and marine vascular plant 
systems; table S10), herbivore effects were much 
stronger at planted restoration sites than at 
natural regeneration sites (Fig. 2A and fig. S11). 
This pattern, however, held only when natural 
regeneration sites had target plants already 
present at the beginning of the study (fig. S12). 
This is likely in part because aquatic herbivores 
are more generalized in habitat use relative to 
their terrestrial counterparts (27) and may tend 
to concentrate on immature, regenerating plants 
rather than mature, defended plants. 

Herbivores have generally been shown to 
increase plant diversity in naturally produc- 
tive ecosystems by reducing the dominance 
of competitively superior plant species (22). 
Our global synthesis corroborates this para- 
digm at undegraded sites but also reveals that 
herbivores generally reduced plant diversity at 
restoration sites (Fig. 2B and fig. S13) (17). This 
reversal was found mainly in terrestrial biomes 
(from 14% at undegraded sites to -15% at 
restoration sites; Fig. 2B), which included 
grasslands and forests (fig. S11) across dif- 
ferent climatic regions (fig. S10). Supplemen- 
tary analyses showed that plant productivity 
was lower at restoration sites than at undegraded 
sites (fig. S9) and that herbivores more strongly 


3 of 6 


RESEARCH | RESEARCH ARTICLE 


Abundance Diversity 
A 
MAT 
= MAP 
7) 
o 
i: 
nS Study duration 
Plot size 
B 
MAT 
2 MAP 
& 
s 
z 
Study duration 


Plot size 


-1.0 0.0 1.0 
Coefficient 


0.2 0.0 0.2 
Coefficient 


Fig. 3. Herbivore effects are contingent on climatic and biotic factors. 

(A and B) Coefficients of continuous covariates for the effect size of herbivores 
on vegetation abundance, estimated using a global model that included all 
covariates considered (17). (C and D) Coefficients of continuous covariates 
estimated using mixed-effects models on plant diversity (no studies were 
available for planted restoration in aquatic biomes). In (A) to (D), all coefficients 
were estimated using covariates that were standardized to have a mean of zero 
and a standard deviation of one; negative and positive coefficients indicate 

that the negative effects of herbivores strengthen and weaken with increases in a 
covariate, respectively (see fig. S15 for changes in the effect sizes of herbivores 
with covariates in original, untransformed units). (E and F) Mean effect sizes 
of herbivores on the abundance of different plant life forms (the number of tests 
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is shown below each bar; see figs. S16 to S18 for additional categorical covariates). 
Effect sizes are log response ratios (InRR), and negative values correspond to 
negative effects of herbivores on vegetation abundance. Panels (A), (C), and (E) 
show data for terrestrial biomes, and panels (B), (D), and (F) show data for 
aquatic biomes. In all panels, data are shown as means + 95% Cl. Statistical 
significances are indicated: ***P < 0.001, **P < 0.01, and *P < 0.05. In 

(E) and (F), bars that share a letter (i.e., a or b) do not differ significantly from 
one another (P > 0.05, based on post hoc multiple comparisons with Holm 
correction). Groups with <5 tests (which require further research) were omitted 
from the figures and discussions throughout this paper. In all panels, natural 
regeneration, planted restoration, and relatively undegraded sites are indicated 
by purple, orange, and green symbols, respectively. 


suppressed plant diversity where plant pro- 
ductivity was lower (fig. S14), possibly owing to 
lower productivity sites having smaller plant 
populations that are more easily eliminated. 
This explanation for the reversal is supported 
by multiple studies that show that herbivores 
increase plant diversity at high-productivity 
sites but decrease it at low-productivity sites 
(22, 23). Additionally, degraded ecosystems 
were often characterized by a higher density 
of generalist herbivores that are more likely 
to suppress plant diversity by removing early 
successional plant species (fig. S8) (24), which 
invest more in tolerance to environmental 
stressors than in defenses against herbivory 
(25). However, no such reversal was detected 
in aquatic biomes (Fig. 2B), where plant diver- 
sity is generally low and restoration efforts 
often targeted a single foundation species (26). 
We found no significant effect of herbivores on 
the recovery rate and completeness of plant 
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diversity, although studies remained relatively 
few (fig. S7) or often lasted only a few years 
(table S11). 


Climatic conditions are among the key 
moderators of herbivore effects at 
restoration sites 


Exploring variation in the effect sizes of her- 
bivores (17), we found that moderators of 
herbivore effects often differed between res- 
toration and undegraded sites. First, we found 
climatic conditions, including MAT and MAP, 
to be among the key moderators at restoration 
sites but not at undegraded sites (Fig. 3, A to 
D; fig. S15; and tables S12 and S13). In both 
terrestrial and aquatic biomes, herbivores often 
more strongly suppressed vegetation abundance 
at sites with higher MAT (but this pattern was 
absent at terrestrial natural regeneration sites; 
Fig. 3). This finding corroborates the view that 
high temperatures generally increase herbivory 
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(27), although this effect of temperature may be 
amplified or offset by its effect on plant growth, 
which varies depending on habitat moisture (28). 
In terrestrial biomes, herbivore effects on vege- 
tation abundance did not vary significantly with 
MAP, whereas in aquatic biomes, effects were 
more negative with lower MAP (Fig. 3), perhaps 
because aquatic vegetation is more stressed from 
periodic drying and higher densities of herbi- 
vores during dry periods (29). Climate also ex- 
plained variation in herbivore effects on plant 
diversity at natural regeneration sites, with her- 
bivores exerting stronger negative effects in re- 
gions with high MAT and low MAP, a pattern 
that is significant in terrestrial biomes but not 
in low-diversity aquatic biomes (Fig. 3). In con- 
trast to restoration sites, these climatic signals 
were nonsignificant at undegraded sites (Fig. 3, 
Ato D). This difference suggests that systems 
under restoration may be more vulnerable to 
herbivory in warmer, drier climates. 


4 of 6 


RESEARCH | RESEARCH ARTICLE 


Herbivore exclusion + (6811187) 


Predator reintroduction 4 (914) 
Facilitator inclusion 4 (54115) 
Competitor removal + (140139) 


HS Natural regeneration 


Planted restoration 


B I 
I 

I 

Herbivore exclusion 4 (264171) 1 
I 

I 

I 

I 

Predator reintroduction + (613) ; 
I 

I 

I 

I 

Facilitator inclusion 4 (236151) |! 
I 

I 

I 

I 

I 

Competitor removal + (266167) 1 
I 

I 


Effect size (INRR) 


Fig. 4. Effects of managing herbivory in comparison to managing plant-plant interactions. Management 
of herbivory occurred by herbivore exclusion or predator reintroduction, whereas management of plant-plant 
interactions occurred by facilitator inclusion or competitor removal. (A and B) Effect sizes of management for 
natural regeneration (A) and planted restoration (B). Effect sizes are log response ratios (InRR), and positive 
values indicate that management enhanced vegetation abundance. Center bolded lines represent mean effect 
sizes, and error bars represent 95% Cl. Sample sizes are shown as number of tests|number of articles to the left 


of each bar. Bars that share a letter (i.e., a and/or b) do 


on post hoc multiple comparisons with Holm correction). 


The effect sizes of herbivores at restoration 
sites also varied across plant functional groups. 
Herbivores more strongly reduced the abun- 
dance of woody versus herbaceous and mixed 
vegetation under natural regeneration in ter- 
restrial biomes (Fig. 3E), where early succes- 
sional shrubs and trees often have relatively 
few defenses against herbivory (25). This find- 
ing corroborates studies that have shown that 
herbivore exclusion accelerates woody encroach- 
ment in grasslands (30) and might decrease 
plant functional diversity in tropical forests (37). 
In aquatic biomes, however, herbivore effects 
were stronger for herbaceous and macroalgal 
vegetation than for woody vegetation under 
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not differ significantly from one another (P > 0.05, based 


natural regeneration (Fig. 3F), likely because 
woody plants in aquatic biomes are less palat- 
able or better defended against herbivory (32). 
Nonetheless, these patterns disappeared with 
planted restoration, where herbivore effects 
were generally strong regardless of biome 
and plant life form (Fig. 3, E and F). This find- 
ing suggests that the susceptibility of prop- 
agules used in planted restoration may not 
mirror that of naturally regenerating plants 
(33). Furthermore, herbivores often reduced 
the abundance of naturally regenerating native 
plants more than exotic plants (fig. S16), a pat- 
tern consistent with the enemy release hypoth- 
esis (34). 
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Not surprisingly, variations in the effect size 
of herbivores on vegetation abundance and 
diversity were additionally explained by her- 
bivore functional groups, the cause of degra- 
dation, and the study methodology, including 
plot size and study duration (Fig. 3 and figs. 
S15, S17, and S18). For example, herbivore 
effects might strengthen with study duration 
(Fig. 3, A to D). This supports the idea that 
herbivores have accumulating effects across 
plant generations or successional stages (25), 
although the regeneration of woody plants can 
take much longer than the time period covered 
in most studies (table S11). Herbivore effects on 
plant diversity might strengthen or weaken with 
plot size, whereas effects on plant abundance at 
restoration sites were generally observed regard- 
less of plot size (Fig. 3, A to D). Although aquatic 
restoration studies often used small plots (table 
S11), many terrestrial natural regeneration studies 
with >1-ha plots consistently reported strong 
herbivore effects on vegetation abundance 
(mean effect size: —0.73; 95% CI: -1.00 to -0.46) 
and diversity (mean effect size: —0.31; 95% CI: 
—0.54 to -0.09). These findings, along with well- 
documented large-scale impacts of changes in 
herbivore populations on vegetation (9, 35), 
suggest that the effects of herbivores may scale 
up to real-world restoration settings. 


Managing herbivory to enhance 
restoration success 


The effects of herbivores at restoration sites 
can be managed through plant-based interven- 
tions, such as prioritizing revegetation at sites 
less affected by herbivores or using planting 
strategies that are robust to herbivory (e.g., 
planting at high densities or with grazing- 
resistant species). Our synthesis found that 
excluding herbivores with physical exclosures, 
insecticides, or deterrents, which is a consumer- 
based intervention more suited for small-scale 
restoration, increased vegetation abundance 
by 93 and 158% at natural regeneration and 
planted restoration sites, respectively, relative 
to plots open to herbivores (Fig. 4). Introduc- 
ing predators, another consumer-based inter- 
vention, increased vegetation abundance by 
138 and 372% at natural regeneration and 
planted restoration sites, respectively (varia- 
tions in these effects were likely inflated by 
small sample size; Fig. 4), which supports 
calls for trophic rewilding (15). Both types of 
consumer-based intervention generally im- 
proved restoration by magnitudes that were 
comparable to or greater than those achieved 
by managing plant competition or facilitation 
(Fig. 4) across terrestrial and aquatic biomes 
(table S14) in tropical, subtropical, and tem- 
perate regions (fig. S19), including when ac- 
counting for sample-size differences through 
bootstrap resampling (table S15) (77). 

Our findings offer insights toward achieving 
myriad restoration commitments. Massive 
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revegetation efforts are being implemented 
globally, including the Bonn Challenge (36), 
Africa’s Great Green Wall (37), and the Blue 
Carbon Initiative (38). By demonstrating glob- 
al, substantial impacts of herbivores on the 
abundance and diversity of vegetation under 
restoration, our study suggests that revegetation 
efforts, if implemented merely by removing the 
cause of degradation, recreating abiotic condi- 
tions, or planting propagules, are unlikely to 
achieve maximal outcomes. Rather, substantial 
improvements can be achieved by comanaging 
herbivory (by either plant- or consumer-based 
approaches). By revealing climates and other 
moderators of variations in herbivore effects 
at restoration sites, our study can help resto- 
ration practitioners pinpoint where and when 
managing herbivory may be particularly cru- 
cial, including in the tropics (Fig. 1C), where 
global priority areas for vegetation restoration 
are concentrated (39), and in hot, dry regions 
as well as in the years ahead with respect to 
future climates. Indeed, as climate change and 
human activities, which are often beyond the 
immediate control of local managers, continue 
to disrupt food webs and affect vegetation 
through top-down processes (10, 40, 41), 
managing herbivory may become increasingly 
relevant and tractable for enhancing recovery 
and resilience (42). 

Interpretation of our results within the 
following context can provide guidelines for 
restoration practice. First, the causes of ampli- 
fied herbivore effects are often site-specific, 
including (i) predator loss (9), (ii) increases in 
herbivore density or consumption (43), and/or 
iii) decreases in plant resource and resistance 
(40), each of which requires distinct interven- 
tions. For certain herbivore species that are 
endangered or threatened or that may facili- 
tate plant establishment through ecosystem 
engineering, by preferentially consuming com- 
petitive weeds or by promoting seed dispersal 
at low population densities (44, 45), plant- 
based interventions may be more appropriate 
than consumer-based interventions, so that 
vegetation restoration serves as a foundation 
for restoring the whole ecosystem, including 
endangered or threatened fauna. Second, res- 
toration practices should be bounded within 
the broader socioeconomic context. Reintro- 
ducing wild predators, for example, may be 
undesirable because of human-wildlife conflicts 
in farmed landscapes or urban environments. 
In such cases, managing herbivory through 
plant-based interventions or by introducing 
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predator cues (mimics, sounds, or chemical 
signatures) may be possible solutions, especially 
where predator effects are predominantly driven 
by fear (46). Third, although we focused on 
herbivores (17), best practices should combine 
approaches and account for other biotic (e.g., 
parasites, omnivores, and microbes) and abiotic 
(e.g., nutrient and hydrology) factors (11, 47), 
including potential synergistic or additive 
interactions of herbivores with abiotic stress- 
ors at restoration sites (47). Developing more- 
integrative restoration approaches is critical 
for fulfilling vegetation’s enormous capac- 
ity for mitigating climate change, support- 
ing biodiversity, and promoting sustainable 
development. 
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APOBEC3 deaminase editing in mpox virus as 
evidence for sustained human transmission 


since at least 2016 


Aine O'Toole", Richard A. Neher”, Nnaemeka Ndodo®, Vitor Borges*, Ben Gannon®, 
Joao Paulo Gomes“*, Natalie Groves’, David J. King®, Daniel Maloney’, Philippe Lemey®, 
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Marc A. Suchard’?, Michael Worobey"*, Meera Chand’"“, Chikwe Ihekweazu*, 

David Ulaeto’}, Ifedayo Adetifa*+, Andrew Rambaut™*+ 


Historically, mpox has been characterized as an endemic zoonotic disease that transmits through 
contact with the reservoir rodent host in West and Central Africa. However, in May 2022, human cases of 
mpox were detected spreading internationally beyond countries with known endemic reservoirs. When 
the first cases from 2022 were sequenced, they shared 42 nucleotide differences from the closest mpox 
virus (MPXV) previously sampled. Nearly all these mutations are characteristic of the action of APOBEC3 
deaminases, host enzymes with antiviral function. Assuming APOBEC3 editing is characteristic of human 
MPXV infection, we developed a dual-process phylogenetic molecular clock that—inferring a rate of 

~6 APOBEC3 mutations per year—estimates that MPXV has been circulating in humans since 2016. These 
observations of sustained MPXV transmission present a fundamental shift to the perceived paradigm of 
MPXV epidemiology as a zoonosis and highlight the need for revising public health messaging around 


MPXV as well as outbreak management and control. 


ince 2017, the Nigeria Centre for Disease 

Control has been reporting cases of 

MPXvV (mpox virus) infection in humans 

(fig. S1) 7). MPXV, a DNA virus in the 

genus Orthopoxvirus; Family Poxviridae, 
is often described as being endemic in West and 
Central Africa as a zoonotic disease that trans- 
mits through contact with the rodent reservoir 
host. Since the first human cases were observed 
in the 1970s, MPXV infections have been pre- 
dominantly associated with infants and children 
(2-4). However, of the cases observed in Nigeria 
since 2017, very few have been in children, with 
the virus mainly affecting adults aged 20 to 50 
(79%), 27% of which were in women (5). Genome 
sequencing of viruses revealed enough genetic 
diversity among cases that distinct zoonotic 
events were not ruled out. In May 2022, cases 
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of MPXV infection were detected spreading 
widely across Europe and subsequently across 
the globe. The first MPXV genome sequences 
from these 2022 cases showed that they had 
descended from the clade characterized by cases 
diagnosed in Nigeria and Israel, Singapore, and 
the UK (6) associated with travel from Nigeria 
(fig. S2 and table S1, in bold). These early 2022 
genomes are indicated as a triangle within 
clade IIb in Fig. 1A and represent lineage B.1 as 
per the nomenclature proposed by Happi et al. 
(7). Isidro et al. (6) noticed that sequences 
within lineage B.1 shared 42 single-nucleotide 
differences from the closest earlier MPXV ge- 
nomes from 2018. From a 2017 outbreak of 
MPXvV in chimpanzees, the evolutionary rate of 
MPXV was estimated to be 1.9 x 10° substi- 
tutions per site per year (1.2 x 10°° to 2.7x 10°), 
corresponding to ~1 nucleotide change every 
3 years (8). Forty-two substitutions in the space 
of 3 to 4 years is an unexpectedly large number. 

Under the paradigm that MPXV is a zoonotic 
virus with limited human-to-human transmis- 
sion, one interpretation of this long branch 
might be that it represents adaptation to 
humans, facilitating the sustained transmission 
that is now observed. However, as we show 
here, and as was quickly seen when the first 
genomes from 2022 were sequenced, it is clear 
that these mutations are not the result of errors 
by the virus’s replication machinery and occur 
at a much higher rate than would be expected 
for an orthopoxvirus (6, 9). Specifically, most of 
observed nucleotide changes appear to be of a 
particular type—a dinucleotide change from 
TC-—TT or its reverse complement, GA>AA 
(9, 10). This particular mutation is characteristic 
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of the action of the APOBEC3 (apolipopr¢ ee 
B mRNA editing enzyme, catalytic polypep'..—~ 
3) family of cytosine deaminases. These act on 
single-stranded DNA (ssDNA) to deaminate 
cytosine to uracil, causing a GA mutation in 
the complementary strand when it is synthe- 
sized. Most human APOBEC3 molecules have 

a strong bias toward deaminating 5’TC dinu- 
cleotides, and APOBEC3-driven deamination 
has been demonstrated with many DNA viruses 
and retroviruses; (//-18). Furthermore, a recent 
study has specifically demonstrated APOBEC3F 
editing in cell culture and during human MPXV 
infection (19). 

We assess the extent to which APOBEC3 has 
acted on MPXV and explore whether this is the 
source of the elevated mutation rate observed 
since 2017. We also explore the evolutionary 
consequences of this mechanism driving evo- 
lution in MPXV and model the distinct pro- : 
cesses underpinning the evolution of MPXV in 
the human population. 


APOBEC3 editing as a signature of MPXV 
evolution in the human population 


The known diversity of MPXV is decomposed 
into three major clades: clades I, IIa, and IIb ‘ 
(Fig. 1A) (7). Clade I represents MPXV sampled 
in Central Africa, and clade Ila is composed of 
viruses from human and nonhuman animal sam- 
ples taken in or connected to West Africa. Both * 
of these clades include virus genomes spanning 
from the 1970s to the present day, although most 
samples were collected within the last 20 years 
(fig. S3). Clade IIb has an early sample taken in 
1971 (GenBank accession KJ642617), but most of 
the sequences in clade IIb are more recent virus 
genomes from 2017 to 2022 that Happi et al. (7) 
have labeled as hMPXV-1 (Fig. 1A, labeled phy- 
logeny in fig. S2). Within the recent diversity of 
clade IIb (indicated as the darker box within IIb . 
in Fig. 1A), we cataloged transmitted mutations ‘ 
that occurred between 2017 and 2022 with only a 
single representative from the 2022 global lineage 
B.1 (n = 44 genome sequences, fig. S2) (20). 
Within MPXV clade IIb, we observe rates of 
molecular evolution far greater than that ex- 
pected for double-stranded DNA viruses and 
indeed that observed in clades I and Ia of ~ 
MPXV (8) and see this excess accumulation of 
mutation in samples as early as 2017. The great 
majority of these mutations are of the type 
G—A or CT (90.8%) (Fig. 1B), regardless of 
sample host species (fig. S4). Comparing MPXV 
clade IIb with clade I and IIa emphasizes that 
this pattern is not seen outside of clade IIb (Fig. 
1B, labeled phylogenies in fig. S5), nor is it seen 
when looking at reconstructed mutations within 
a phylogeny of 46 variola virus (VARV) genomes, 
the human virus responsible for smallpox (fig. 
S6). For the other MPXV clades, APOBEC-type 
mutations are observed at between 8 and 
13% frequency, which fits with the expected 
proportion under standard models of nucleotide 
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Fig. 1. Specific enrichment of APOBEC3-type mutations in MPXV samples 
collected since 2017. (A) MPXV genetic diversity is categorized into clade | 
(predominantly sequences from the Democratic Republic of the Congo), clade lla 
(predominantly West African sequences), and clade IIb. Within clade IIb is a 
subclade of genomes sampled from 2017 to 2022 that show mutational patterns 
distinct from those of the other two clades. (B) We catalog single-nucleotide 
mutations across the phylogenies of clade IIb, clade Ila, and clade | (top to 
bottom). For clade IIb, we include samples from 2017 to 2022 and only a single 
representative of the global lineage B.1. Of 120 reconstructed mutations that 
occurred on internal branches of the clade Ilb phylogeny (so are observed 
transmitted mutations), 109 are consistent with APOBEC3 editing (90.8% of 
mutations). Individual proportions of GA and CT mutations are shown above 
the respective bars. Ancestral state reconstruction performed across clade lla 


evolution (2/, 22) (Fig. 1B). Notably, the hep- 
tamers of C>T and G—A mutations that oc- 
curred across the clade IIb phylogeny show 
that this is a specific enrichment of APOBEC3- 
type dimer mutations of the type TC--TT and 
GA—AA (Fig. 1C). Similarly, this enrichment 
of TC—TT and GA—AA mutations is observed 
within the B.1 lineage (fig. S7), where 84.8% 
of observed single-nucleotide polymorphisms 
are consistent with APOBEC3 editing (fig. S8). 
Observed heptamers around the observed CT 
and G—A mutations show a pronounced en- 
richment in TC and GA target sites in the ge- 
nomes sampled from 2017 to 2022, in contrast 
with the rest of MPXV diversity (Fig. 1C), and 
this enrichment is also reflected within line- 
age B.1 (fig. S9). 

Our analysis highlights that evolution within 
clade IIb before the emergence of lineage B.1 
mirrors that within lineage B.1 but is distinct 
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from MPXV clade I or Ia. Since 2022, the B.1 
lineage has been sampled and sequenced inter- 
nationally in the global epidemic of MPXV. 
Lineage B.1 is known to be circulating by sus- 
tained human-to-human transmission and as 
such, mutations that have accumulated in B.1 
can be considered characteristic of this mode 
of transmission. We suggest that the APOBEC3- 
driven evolution of recent clade IIb MPXV is a 
signature of a switch to sustained transmission 
within the human population. Within the B.1 
lineage, believed to be entirely the result of hu- 
man infection and transmission, we continue 
to see the same pattern of predominantly 
APOBEC3 mutations accumulating at a rate 
similar to that seen in A lineage genomes since 
2017. It is unlikely that, by chance, MPXV evolved 
to become susceptible to APOBEC3 action within 
the putative rodent reservoir before the emer- 


gence of cases and to retain that susceptibility 
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and clade | does not produce the same enrichment of mutations consistent 
with APOBEC3 editing, with only 27 of 207 observed mutati 
463 clade | mutations (8%) fitting the dinucleotide pattern. (€) Observed 
heptamers of CT or GA mutated sites of clade Ilb, lla, and | phylogenies 
(top to bottom). Heptamers associated with GA mutations have been 
reverse-complemented to reflect deamination on the negative strand. For clade 
IIb, most CT mutations are present in a TC dimer context, consistent with 
APOBEC3 editing (107 of 115 mutations, or 93%). However, the same is not seen 
for clades Ila and I, in which 29 of 149 (19%) mutations and 42 of 256 (16%) 
mutations have the dinucleotide context of APOBEC3, respectively, which is 
what we would predict under standard models of nucleotide evolution. 

*Only mutations occurring on internal branches of the clade IIb phylogeny 


to human APOBEC3 molecules once transmitting 
in humans. Given that all human cases se- 
quenced since 2017 share substantial numbers 
of APOBEC3 mutations, including nine on the 
stem branch leading to hMPXV-1, it is very un- 
likely that these represent multiple zoonotic 
introductions. APOBEC3 genes emerged in 
placental mammals from a duplication of the 
ancestral AJD gene and have a dynamic recent 
evolutionary past, with gene duplication and 
loss across phyla (23, 24). APOBEC3 genes in 
primates have undergone recent expansion, with 
primate genomes now having seven paralogs 
of three ancestral genes (25, 26). Rodents, the 
reservoir of MPXV, have only a single functional 
APOBECS protein, resulting from gene loss and 
fusion events (25). Rodent APOBEC3 has been 
shown to be expressed preferentially in spleen 
and bone marrow, with limited expression ob- 
served in other tissues (27, 28). 
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Fig. 2. Observed APOBEC3-type mutations are not merely a product of 
available target sites. (A) Consequence of hypothetical AROBEC3 mutations 
at target dimer site (either the C in the TC target site or G in the GA target site) 
in the coding regions of the National Center for Biotechnology Information 
reference MPXV genome for clade II (accession NC_063383) and those observed 
APOBEC3 mutations across the coding regions of the clade IIb phylogeny 

(not including the outgroup branch leading to the 1971 genome sequence). These 
are categorized into nonsynonymous (altered amino acid), synonymous (amino 
acid remaining unchanged), nonsense (editing producing a stop codon), and 
intergenic (not present in a coding sequence). (B) The proportion of target 
sites edited for each target site percentile window across the MPXV genome. 
The teal shaded regions represent the binomial confidence interval around 


observations. Masked regions are indicated by vertical gray bars. Observed 
edits include data from the clade Ilb phylogeny, with a single representative 

of lineage B.1 and not including the branch leading to the outgroup 1971 genome 
sequence. (C) Hypothetical amino acid changes for codons overlapping 

with TC and GA target sites in a reference MPXV genome (GenBank accession 
number: NC_063383) if APOBEC3 edited those dimers to TT and AA. Amino 
acid changes are colored by Grantham Score (0-50 conservative, dark blue; 
51-100 moderately conservative, light blue; 101-150 moderately radical, light red; 
>150 radical, dark red; synonymous, gray). Single-letter abbreviations for the 
amino acid residues are as follows: C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; 

H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; 

W, Trp; and Y, Tyr. Stop codons are indicated with an asterisk (*). 


APOBEC3 has a limited repertoire to generate 
variation in the MPXV genome 

If we assume this observed evolution within 
hMPXV-1 is APOBEC3-driven, this may have 
implications for its sustained transmission 
in the human population. Considering all GA 
and TC dimer sites in the clade II reference ge- 
nome (accession number NC_063383)—i.., those 
that could be the target of APOBEC3 editing but 
had not been by that point—we assessed what 
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amino acid changes a deamination mutation 
at these sites would bring about (Fig. 2). Of the 
23,718 such dimers, 61.6% (14,618) would pro- 
duce amino acid replacements, 21% (4990) 
would be synonymous, 2.9% (692) would in- 
duce stop codons, and 14.4% (3418) would occur 
outside of coding regions. For the clade IIb ge- 
nomes, of the 633 mutations at these dimers 
that did occur, 38.7% (245) were amino acid 
replacements and 35.7% (226) were synony- 
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mous, 4.7% (30) were nonsense, and a further 
132 APOBEC3 mutations were in intergenic 
regions (20.8%). The probability of getting 226 
or greater synonymous mutations out of 663 
under a simple binomial distribution with 21.0% 
chance of a context being synonymous is P = 
7.6 x 10". We do not see the same enrichment 
for synonymous mutations in the mutations that 
are not APOBEC3-like, although the quantity of 
these mutations is considerably lower (fig. S10). 
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There are also more mutations outside of protein- 
coding regions than we would expect based on 
the location of target dimers (probability of 4.5 x 
10° of getting at least 132 noncoding muta- 
tions given that only 14.4% of targets are in 


these regions). This supports the hypothesis 
that what we observe are the residual least 
harmful APOBEC3 mutations after natural 
selection has eliminated those with substan- 
tial fitness costs to the virus. By comparing the 


density of observed CT and G—A mutations 
and the density of APOBEC3 target sites (TC 
or GA dinucleotides) across the reference ge- 
nome, we see that the distribution of muta- 
tions is not simply a product of the availability 
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Fig. 3. Estimating the time of MPXV emergence into the human population 
from the accumulation of APOBEC3-type mutations. (A) MPXV genomes 
sampled from human infections from 2017 to 2022, with an outgroup sequence 
from an outbreak in Nigeria in 1971 (n = 44 genome sequences, including 
outgroup). Lineages indicated as per nomenclature proposed by Happi et al. (7). 
Mutations along each branch are indicated with circles colored by whether it is 
putatively APOBEC3 edited (TC->TT and GA—AA; red) or whether it is another 
mutation type (yellow). The break in the basal branch illustrates the assumption 
made in the regression model in panel B, that all APOBEC3 mutations occurred after 
emerging into the human population; however, we do not know the precise 
distribution of red or yellow mutations. (B) APOBEC3 mutations from MPXV 
genomes sampled since 2017. The reconstructed most recent common ancestor 
(MRCA) of the panel A phylogeny is used as the root in the root-to-tip plot, 

and the y intercept is used as a proxy for time of emergence, which is inferred 

by fitting a Bayesian regression to the sequence dates from panel A. Intersects 
with y = 1, 2, and 3 are also shown as it is likely that a small number of the 
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Time (years) 


APOBEC3-type mutations are actually earlier replication errors and not 

induced by APOBEC3. (C) Maximum clade credibility (MCC) phylogeny of MPXV 
clade IIb with absolute time shown on the x axis. We separated the alignment 
into an APOBEC3 and a non-APOBECS partition and modeled the substitution 
process in each independently. We used an epoch model with two outgroup 
sequences (not shown) representing the first epoch and hMPXV-1 ingroup 
sequences representing MPXV post-emergence into the human population 

with an exponential growth model. The probability density distributions show the 
estimated time of the most recent common ancestor (tMRCA) of the ingroup 
as well as the estimated transition time that represents the time of emergence 
into the human population. (D) Estimated effective population size of the 
outbreak using a nonparametric coalescent Skygrid model with 11 change points 
over a period of 8.5 years. This reconstruction falls within the bounds of the 
exponential growth model estimated from the second epoch in panel C, 
suggesting that the MPXV population has been exponentially growing since 

at least 2016. 
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of target sites (Kolmogorov-Smirnov test sta- 
tistic = 0.07, P = 0.0002; fig. S11, Aand B). When 
considering synonymous and nonsynonymous 
APOBEC3-like mutations separately, there is 
a significant difference between the density 
of target sites across the MPXV genome and the 
distribution of observed APOBEC3-like synon- 
ymous and nonsynonymous mutations, respec- 
tively (fig. S11, C and D). 

The “repertoire” of mutations that APOBEC3 
is able to provide as genetic variation on which 
natural selection can act is severely restricted. 
Only a limited number of dinucleotide contexts 
are present, and the repertoire of amino acid 
changes that APOBEC3 editing can induce is 
also limited (Fig. 2C and fig. S12). Only 13 dif- 
ferent amino acid replacements are possible, 
and three that give rise to stop codons, and they 
are not reversible by the same mechanism. This 
means that given the restricted set of positions 
at which these mutations occur and the limited 
amino acid changes that they can result in, the 
elevated rate will not necessarily facilitate adap- 
tation of the virus. 

APOBECS3 hypermutation is a host-mediated 
antiviral mechanism. These molecules act as 
the viral genome is being replicated and single 
strands are exposed. During repeated rounds 
of replication, either strand can be deaminated, 
leading to both C-+T and G—A changes on the 
positive strand, as seen in this study. Thus, it is 
likely that the genomes that are extensively mu- 
tated by APOBEC3 will simply not be viable and 
will not be transmitted further. MPXV replicates 
in the cytoplasm likely by means of rolling-circle 
amplification (29), and this facilitates exten- 
sive continuous genome replication (30). The 
high processivity of this mechanism efficiently 
produces high copy numbers of MPXV genome 
molecules in the cell, potentially saturating the 
APOBEC3 enzyme action if the concentration 
of MPXV DNA molecules is high enough. This 
likely means that many MPXV genomes are un- 
affected by APOBEC3 action. Occasionally, how- 
ever, a genome, modestly mutated by APOBEC3, 
may remain viable and be transmitted. We see 
this in the enrichment of observed synonymous 
and intergenic mutations relative to available 
targets in the MPXV genome. Given the non- 
reversibility of the APOBEC3 action, sustained 
evolution within the human population may 
result in a depletion of lower-consequence target 
sites (i.e., synonymous or conservative amino 
acid changes) and thus expedite a decrease in 
fitness of MPXV over time. This could be both 
through a reduction in the number of viable 
offspring viruses produced by infected cells and 
as a result of the accumulation of moderately 
deleterious mutations by genetic drift (i.e., mu- 
tation load). However, the timescale on which 
this might happen is uncertain and other evolu- 
tionary forces such as recombination may act to 
restore fitness, and we do not address this fur- 
ther in this study. A further uncertainty arises 
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when considering the variable repertoire of 
genes associated with virus infectivity or host 
immune modulation in poxvirus genomes. Mu- 
tations that alter or abrogate the function of 
these genes may have little direct effect on virus 
replication machinery but may disrupt the 
virus-host interaction. There is precedent for 
the naturally occurring inactivation of genes 
in VARV contributing to host specificity, and 
consequently the loss of function of some MPXV 
genes through APOBECS3 activity may poten- 
tially have adaptive value for the virus as it repli- 
cates and transmits in a new host (37, 32). 

Even if the mutations that accumulate through 
this process are simply the neutral residue of a 
suboptimal antiviral host defense, they have 
produced sufficient variability for the phyloge- 
netic analysis of the epidemic over the short term. 
The initial lineages proposed by Happi et ai. (7) 
have expanded with the 2022 epidemic B.1 
lineage now encompassing 17 sublineages at the 
time of writing (33). The rapid and temporally 
linear accumulation of mutations means that 
genomic epidemiological models and tools 
(34, 35), usually used for RNA viruses, may also 
have utility for hMPXV-1. 


The linear accumulation of APOBEC3-type 
mutations since the emergence and spread 
of MPXV in humans 


Since 2017, the genomes thus far sampled from 
clade IIb have accumulated APOBEC3-type 
single-nucleotide mutations approximately 
linearly over time (Fig. 3, A and B; labeled phylog- 
eny in fig. S13). We applied Bayesian regression 
analysis on the root-to-tip plot of sequences in 
Fig. 3A, which includes one representative B.1 
genome, and also separately on the B.1 lineage 
(B.1 phylogeny in fig. S1) (20). To ensure that the 
elevated temporal signal is specific to APOBEC3 
data, we show combinations of APOBEC3 and 
non-APOBEC3 mutations on clade IIb data in 
fig. S14. The estimated rate of accumulation was 
6.18 per year (95% credible intervals of 5.20, 
7.16). For the B.1 lineage, the rate was 5.93 
per year (2.95, 8.92), suggesting that despite 
widespread and rapid transmission within MSM 
(men who have sex with men) networks, the rate 
of accumulation of APOBEC3 mutations re- 
mained the same as it did for the rest of clade 
IIb. It is notable that the regression line for B.1 
lies substantially above that for the rest of clade 
IIb, suggesting that this lineage accumulated 
more mutations than expected before the 
emergence of B.1. However most of these mu- 
tations are also present in the genome from 
Maryland, USA (accession number ON676708) 
from November 2021 (0), indicating that they 
arose and circulated for some months before 
the B.1 epidemic (figs. $15 and S16). Extrapolat- 
ing back to when the APOBEC3-type mutations 
started to accumulate provides an estimate of 
when the first APOBEC3 mutations occurred in 
the stem of the branch leading to the 2017 
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epidemic. If we assume that all these mutations 
are due to APOBEC3 in humans, then we esti- 
mate this date of emergence to be 20 June 2015. 
However, we expect a few APOBEC3-like muta- 
tions to actually be due to replication errors 
during the earlier preemergence epoch. The num- 
ber of mutations that we ascribe to this period 
will affect our estimate linearly—i.e., if three 
mutations were not due to APOBEC3, then the 
estimate would shift to 14 December 2015. 

To accommodate this uncertainty in our es- 
timates, we have developed a more explicit 
model of APOBEC3-mediated evolution in the 
BEAST software package (20, 34). We estimate 
that the action of APOBEC3 on the MPXV pop- 
ulation is driving evolution ~28 times faster 
than the background evolutionary rate (fig. S17). 
Gigante et al. (10) also described an elevated 
overall rate of evolution in the A lineage but 
did not decompose the APOBEC3 and non- 
APOBECS3 contribution to this. The time of the 
most recent common ancestor of the post 2017 
genomes is estimated to be 23 February 2016 
(28 June 2015, 28 September 2016), with the 
transition to sustained human-to-human trans- 
mission estimated to be 14 September 2015 
(21 August 2014, 31 July 2016; Fig. 3C and fig. 
S17). Unlike the assumption in Fig. 3B that all 
APOBEC3 mutations occurred after emergence, 
the BEAST analysis estimates the transition 
point integrating over all possibilities. This 
allows for the fact that a few of the APOBEC3- 
like mutations may actually be due to replica- 
tion errors in the earlier evolutionary epoch 
and this might explain the slightly more recent 
date. We also see evidence of exponential 
growth in the number of infections in the epi- 
demic before the emergence of lineage B.1 in 
2022 (Fig. 3D), despite the decline in cases 
reported in 2020 (fig. SIC), albeit the growth 
rate is relatively slow, which reinforces the indi- 
cation from the demographics of the cases that 
this is not a generalized epidemic. 


Implications for the global public health 
response to mpox cases 


Since the identification of the B.1 lineage, a 
number of countries have reported other line- 
ages that lie outside the diversity of B.1, in- 
cluding the United States, United Kingdom, 
Portugal, India, and Thailand. In almost all 
instances, these cases are reported as having 
a history of international travel. The lineages 
in which these are placed (designated as A.2.1, 
A.2.2, A.2.3, and A.3) can all be phylogenet- 
ically traced back to the epidemic in Nigeria 
(Fig. 3A). This suggests that at least one in- 
stance of sustained human-to-human transmis- 
sion is still ongoing outside of the recognized 
MSM networks that were the focus of the 2022 
global epidemic. Stopping transmission in these 
communities, though necessary, will not be 
sufficient to eliminate the virus as a human 
epidemic. Many countries lack the surveillance 
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to detect MPXV cases, and if sustained human- 
to-human transmission has been ongoing 
since 2015-2016, it is plausible that there are 
other populations that are currently enduring 
epidemics. 


Historically, mpox was considered a zoonotic 


disease, and cases have been treated as inde- 
pendent spillover events with low levels of cir- 
culation in the human population. Thus far, 
this continues to be an accurate characteriza- 
tion of clade I in Central Africa. For clade IIb, 
although some non-B.1 lineage cases may be 
new zoonotic infections, most cases since 2016 
are likely the result of human-to-human trans- 


mission. Although the B.1 lineage across 
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the world is now diminished—though not yet 
eradicated—the human epidemic from which 
it arose continues unabated. It is critical that 
global public health affords MPXV cases in 
countries that are historically considered to 
have endemic reservoir species equal attention 
and concern to those elsewhere. Surveillance 
needs to be global if MPXV is to be eliminated 
from the human population and then prevented 
from reemerging. 
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The -KTS splice variant of WT1 is essential for 
ovarian determination in mice 


Elodie P. Gregoire’, Marie-Cécile De Cian't, Roberta Migale*t, Aitana Perea-Gomez’, 
Sébastien Schaub, Natividad Bellido-Carreras!, Isabelle Stévant*>, Chloé Mayére*®, 
Yasmine Neirijnck’, Agnés Loubat?, Paul Rivaud®, Miriam Llorian Sopena”, Simon Lachambre’, 
Margot M. Linssen®, Peter Hohenstein®, Robin Lovell-Badge, Serge Nef*°, Frédéric Chalmel®, 


Andreas Sched’, Marie-Christine Chaboissier’* 


Sex determination in mammals depends on the differentiation of the supporting lineage of the 
gonads into Sertoli or pregranulosa cells that govern testis and ovary development, respectively. 
Although the Y-linked testis-determining gene Sry has been identified, the ovarian-determining 
factor remains unknown. In this study, we identified -KTS, a major, alternatively spliced isoform of 
the Wilms tumor suppressor WT], as a key determinant of female sex determination. Loss of 
-KTS variants blocked gonadal differentiation in mice, whereas increased expression, as found in 
Frasier syndrome, induced precocious differentiation of ovaries independently of their genetic 

sex. In XY embryos, this antagonized Sry expression, resulting in male-to-female sex reversal. Our 
results identify -KTS as an ovarian-determining factor and demonstrate that its time of activation is 


critical in gonadal sex differentiation. 


n mice, sex is genetically determined by 

the constitution of the sex chromosomes. 

This leads to testis or ovary development 

in XY and XX embryos, respectively, which, 

in turn, influences the sexual development 
of the whole individual. Before sex determina- 
tion, WNT/f-catenin signaling mediated by 
R-spondin1 (RSPO1) contributes to the prolif- 
eration of the gonadal progenitors in both 
sexes (1). In XY gonads, at around embryonic 
day (E) 11.5, RSPO1/WNT/B-catenin is down- 
regulated and Sry and its direct target Sox9 
are up-regulated in a subset of progenitors 
derived from the overlying coelomic epithelium 
(2-4). These transcription factors induce Sertoli 
cell differentiation. Once differentiated, they 
no longer express Sry but express other genes, 
including Amh (5-7), and establish the fate 
of the testis. In XX gonads, pregranulosa cell 
differentiation occurs slightly later, around 
E12.0 to 12.5, as shown by their loss of bipo- 
tentiality (8-10), the de novo expression of 
the transcription factor FOXL2 (77), and the 
stabilization of RSPO1/WNT/®-catenin signal- 
ing (12, 13). However, the gene(s) initiating 
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ovarian differentiation have remained un- 
known (/4). 

One of the key factors in the early devel- 
opment of the gonad is the Wilms tumor sup- 
pressor WTI, a zinc-finger transcriptional 
regulator (15). WTI (human)/WtI (mouse) 
encodes two major alternative spliced iso- 
forms that do or do not include the three 
amino acids KTS (lysine, threonine, and serine) 
between the two last zinc fingers. These iso- 
forms are named +KTS and —KTS, respective- 
ly. Whereas -KTS acts as a transcriptional 
activator or repressor depending on the cel- 
lular context, the insertion of +KTS abrogates 
DNA binding and promotes the subnuclear 
localization of WT1 in nuclear speckles (16, 17). 
A simple imbalance of the ratio of both iso- 
forms in favor of —KTS is the molecular basis 
of Frasier syndrome, characterized by male-to- 
female sex reversal (18, 19) associated with the 
down-regulation of Sry as evidenced in the 
mouse model (20). 


Results 
Distribution of -KTS transcripts during 
gonadal development 


To determine the distribution of WT1 splice 
variants in E11.5 XY mouse gonads, we carried 
out BaseScope in situ hybridizations. Scoring 
revealed cellular heterogeneity, with cells con- 
taining variable amounts of +K7S or -KTS 
transcripts (Fig. 1A and fig. S1A). This obser- 
vation was confirmed with single-cell RNA 
sequencing (scRNA-seq) analysis of the splice 
junction reads obtained from sorted cells dis- 
sected from E11.5 mouse gonads (Fig. 1B). Next, 
we examined single-cell transcriptomic data of 
the supporting cell lineage in both sexes from 
E10.5 to E13.5 (8) (Fig. 1C and fig. SIB). Al- 
though +K7S exhibited similar mRNA levels 
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between XY and XX gonads at E10.5 and E 


q 


Chec 
é 


A ‘i u 
-KTS transcripts were detected in ere? 


amounts in XY gonads at E11.5 before increasing 
in XX gonads at E12.5, time points that coincide 
respectively with Sertoli and pregranulosa cell 
differentiation. 


-KTS is required for the differentiation of the 
supporting cells 


To address the contribution of —KTS to sex 
determination, we revisited the mouse model 
of —KTS ablation (-KTS /-KTS is denoted as 
-KTS KO) that results in gonadal dysgenesis 
(20) (fig. S2, A and B). We performed single-cell 
transcriptome profiling of wild-type and mutant 
gonadal cells collected at around E12.0 (Fig. 1, D 
to I, and table S1). Cells were projected in a 
two-dimensional (2D) space by using uniform 
manifold approximation and projection (UMAP) 


and partitioned into 39 clusters (Fig. 1D). Cluster : 


annotation identified Sertoli and pregranulosa 
cells in the controls determined from the ex- 
pression of known markers (Fig. 1, E to G, and 
fig. S3, A and B); however, these clusters were 
not present in —K7S KO gonads (Fig. 1, E to H, 
and fig. S3B). Nevertheless, presupporting cells 
were observed in —K7S mutants of both sexes, 
as revealed by the expression of RunxI (mRNA)/ 
RUNX1 (protein) at E12.0 [fig. S3B, cluster 3 
(c3)] and at E12.5 (Fig. 2A and fig. S4). XY —K7S- 
deficient gonads exhibited a few scattered cells 
expressing SOX9, contrasting with the wide- 
spread SOX9-positive Sertoli cells that formed 
nascent testis cords in XY controls (Fig. 2B). 
Furthermore, XY —K7S-deficient gonads were 
devoid of Amh/AMH expression (Fig. 2, C and 
D, and fig. S5, A and B) and instead abnor- 
mally maintained Rspol and SRY at E12.5 and 
until birth (fig. S2, C and E, and fig. $5, C and 
E). Together, our results indicate that the pre- 
supporting cells did not differentiate as bona 
fide Sertoli cells in the absence of —-KTS. Despite 
the significantly reduced expression of Sox9 
(P value = 0.0035), the XY -KTS KO pre- 
supporting cells failed to differentiate into 
pregranulosa cells, as demonstrated by the 
almost complete absence of Foxl2/FOXL2 ex- 
pression at E12.5 (Fig. 2, B and D, and fig. $3). 
Similarly, Foxl2/FOXL2 expression was strongly 
reduced in XX —KTS KO gonads, further sup- 
porting the importance of —KTS for the differ- 
entiation of the pregranulosa lineage and the 
activation of the female program (Fig. 2, B and 
D, and fig. $3). At around birth, the expression 
of Sov9/SOX9 and Fowxl2/FOXL2 remained 
low in —KTS-deficient gonads of both sexes, 
and SOX9/FOXL2 double-positive cells were 
detected (fig. S5, F to H), indicating poor dif- 
ferentiation of the supporting lineage. Together, 
these data demonstrate that —KT7S is dispens- 
able for the specification of presupporting 
cells but is necessary to stabilize Sertoli cell 
differentiation and essential to initiate pre- 
granulosa cell differentiation. 
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Fig. 1. Dynamic distribution of +KTS and -KTS transcripts and single-cell 
transcriptomic analysis of -KTS KO and +KTS KO during early mouse- 
gonad development. (A) Representative area distribution of -KTS (magenta) 
and +KTS (cyan) transcripts from Basescope in situ hybridizations on XY gonad 
sections at E11.5 [21 tail somites (ts)] in square micrometers per nucleus 
measured with DicHysto protocol. Data from both gonads are representative 
of biological and technical duplicates. (B) -KTS and +KTS mRNA ratio in E11.5 
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(21 ts) XY wild-type individual cells. (©) +KTS and -KTS transcript levels in 
single-cell transcriptomic dataset of differentiating supporting cells. RPKM, 
reads per kilobase million. (D) UMAP projection of the 75,360 cells colored by 
clusters or (E) by associated cell types. (F) Association of cell clusters with 
genotypes. (G to I) UMAP projection by genotypes with (G) XY (blue) and XX 
wild type (pink); (H) XY (purple) and XX -KTS KO (-KTS-/-KTS_) (brown); 
and (I) XY (green) and XX +KTS KO (+KTS /+KTS ) gonads (orange). 
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Absence of +KTS triggers an increase of 

-KTS amounts 

In patients with Frasier syndrome, heterozygous 
mutations in WTI prevent the production of 
+KTS, resulting in higher amounts of —K7S 


XY -KTS KO | 


Fig. 2. -KTS is necessary for sex differentiation of the supporting cells. 
Immunodetection of (A) the presupporting cell marker RUNX1 (magenta) and 
the progenitor marker NR2F2 (green) at E12.5 (scale bars, 50 um), (B) the 
Sertoli cell marker SOX9 (green) and pregranulosa cell marker FOXL2 (magenta) 
(scale bars, 100 um and 10 um, respectively), and (C) SOX9 (green) and 


variants (18, 19). Given the role of —KTS in 
ovarian determination, we investigated the 
contribution of this increase to sex reversal in 
the +KTS KO (+KTS /+KTS ) mouse model 
(20). At E12.5, XY +KTS mutant gonads were 
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XY 
XY -KTS KO 
XX -KTS KO 
XX 


AMH (magenta) (scale bars, 50 um) in the indicated genotypes. Data for (A) to 
(C) are representative of triplicate biological replicates. Nuclei labeled with 

4' 6-diamidino-2-phenylindole (DAPI) are shown in white. (D) Quantification of Foxi2, 
Sox9, and Amh transcripts after normalization to Gapdh by RT-qPCR. Data are 
shown as means + SEM. -KTS KO denotes -KTS-/-KTS. 


enriched for RUNX1- and FOXL2-positive pre- 
granulosa cells and contained rare Sertoli cells, 
as expected for male-to-female sex reversal 
(Fig. 3A and fig. S6A). Next, we verified that 
-KTS transcripts were twice as abundant in 
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Fig. 3. Early pregranulosa cell differentiation occurs in XY and XX +KTS 
KO gonads. (A) Immunofluorescence of the Sertoli cell marker SOX9 (green) 
and the pregranulosa cell marker FOXL2 (magenta) in indicated genotypes 

at E12.5 (n = 4 embryos). Scale bars, 100 um. (B) Immunostaining of SRY 
(green) at E115 (21 + 1 ts) in XY, XY +KTS KO (+KTS-/+KTS), and XY 
compound heterozygotes (+KTS KO/A denotes +KTS /Wtl ). Scale bars, 50 um. 


+KTS KO gonads as in controls (fig. S6B). In 
addition, total WT1 protein levels were sim- 
ilar in XY +K7S KO and control gonads, con- 
firming that absence of +KTS is compensated 
with an increase of -KTS isoforms (fig. S6C). 


Precocious pregranulosa cell differentiation 
prevents Sry activation in the mouse 
Frasier model 


Sex reversal in +K7iS KO embryos is caused by 
a failure of Sry activation (20, 21). To deter- 
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mine if this arises from the lack of +K7S or 
from an increase in —K7S variants, we com- 
pared the number of SRY-positive cells in +K7iS 
KO and +KTS KO/A compound embryos, both 
of which lack alleles encoding +K7S and contain 
two and one allele encoding —K7S, respectively. 
The number of SRY-expressing cells was higher 
in +KTS KO/A than in XY +KTS KO gonads, 
indicating that Sry expression does not require 
+KTS but is antagonized by the higher level of 
-KTS (Fig. 3B). Furthermore, Rspol was abun- 
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Quantification of SRY+ cells normalized to DAPI+ cells labeled in white in the 
upper panel. n = 4 embryos, two sections per embryo. Data are shown as 
means + SEM. (C) Immunodetection of the pregranulosa cell marker FOXL2 in 
indicated genotypes of triplicate biological replicates at 20 to 21 ts. Scale bars, 
50 um. (D) Relative mRNA expression of Foxl2 normalized to Gapdh at 20 

to 21 ts. Data are shown as means + SEM. 


dant in XY +KTS KO gonads at E115, a stage 
when it is down-regulated in XY gonads, and 
Foxl2/FOXL2 expression was markedly elevated 
in XY and XX +K7S KO gonads (Fig. 3, C and D, 
and fig. S6E). This suggests precocious pregra- 
nulosa cell differentiation irrespective of the 
genetic sex. 


-KTS is sufficient to induce ovarian development 


Single-cell transcriptome profiling of XY and 
XX +KTS KO gonads at E12.0 (Fig. 1, D to F, 
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Fig. 4. -KTS induces pregranulosa cell differentiation in XY transgenic 
gonads. (A) Immunofluorescence of the pregranulosa cell marker FOXL2 
(magenta) and WT1 (green) in the indicated genotypes at E12.5. Scale bars, 
50 wm. (B) Immunostaining of the Sertoli cell markers SOX9 (green) and 
AMH (magenta) in indicated genotypes. Scale bars, 50 um. (©) Model of 


and I, and fig. S3B) identified two pregranu- 
losa cell clusters (c10 and c33) distinct from 
those found in XX controls (c5 and c25) and 
from XY Sertoli cells (c12). Further compari- 
son of transcriptomes of these clusters confirmed 
that E12.0 +KTS KO cells are transcriptionally 
related to pregranulosa cells (fig. S7). Next, we 
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genetic sexes. 


used comparative analysis to identify genes 
that are activated or repressed by —-KTS in the 
context of female sex determination (fig. S8). 
In XX -KTS KO presupporting cells, the ex- 
pression of 319 genes was significantly deregu- 
lated [false discovery rate (FDR)-adjusted 
P value < 0.05, data S4]. Pdgfa and Tcf21, re- 
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supporting cell differentiation in wild-type and KTS mutant gonads: Absence 
of -KTS in -KTS KO gonads promotes the maintenance of Rspol transcripts 
and impairs SOX9 and FOXL2 expression, leading to gonadal dysgenesis. 

Increasing -KTS in +KTS KO gonads results in ovarian differentiation in both 


ported to be targets of WT1 in other organs 
(22, 23), were down-regulated, whereas [g/2—a 
direct target of WT1 (24)—and genes highly 
expressed in bipotent presupporting cells in- 
cluding Sprr2d (25), Wnt6 (26), and Nrobi (27), 
were up-regulated in XX —KTS KO presupport- 
ing cells and down-regulated in XX +KTS KO 
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pregranulosa cells, suggesting that they are 
repressed by —KTS during sex determination. 
Altogether, our data suggested that increased 
-KTS, rather than loss of +KTS, was responsi- 
ble for XY sex reversal in the +K7S KO model. 
To test whether —KTS was sufficient to induce 
ovarian differentiation in a XY wild-type gonad, 
we performed transient additive transgenesis 
using a bacterial artificial chromosome (BAC) 
construct covering the Wz locus, in which we 
introduced the classical Frasier mutation in in- 
tron 9 (interference with +KTS production). 
Three out of four XY transgenic animals 
showed the presence of FOXL2-positive cells, 
indicating that -KTS promotes differentiation 
of pregranulosa cells in XY gonads (Fig. 4, A 
and B, and fig. S9, A and B). Moreover, reverse 
transcription quantitative polymerase chain 
reaction (RT-qPCR) analysis of genotypes pro- 
ducing different levels of -KTS suggested that 
-KTS must reach a threshold to robustly ac- 
tivate Foxl2 expression (fig. S9C). 

We can conclude that the altered expression 
of +K7S caused by mutations in the donor splice 
site in intron 9 of WtI promotes an increase of 
the amount of -KTS, which, in turn, prematurely 
activates ovarian differentiation, prevents Sry 
up-regulation, and impairs testis development 
(Fig. 4C). -KTS thus represents a key actor in 
gonad development that is required to initiate 
ovarian development. 


Discussion 


Here, we provide evidence that sex determi- 
nation depends not only on the up-regulation 
of the sex-determining factors Sry and -KTS 
for male and female fates, respectively, but also 
on their timing (28-30). This is an important 
concept because —K7TS is an autosomal factor 
expressed in both XY and XX gonads. In wild- 
type mice, Sry acts before —KTS, thus securing 
testis development in XY gonads. If Sry ex- 
pression is impaired or delayed, or if —KTS is 
up-regulated prematurely, such as in the Frasier 
syndrome model (+K7TS KO), the pregranulosa 
cell differentiation is accelerated, resulting in 
male-to-female sex reversal. After the peak 
of SRY action (30), -KTS becomes necessary 
to maintain Sertoli cell differentiation in XY 
embryos and to initiate pregranulosa cell 
differentiation in XX embryos (Fig. 4C). Al- 
though differences in timing and dynamics 
of sex determination make a direct compari- 
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son between mouse and human data difficult, 
the sex-reversal phenotype in mice carrying 
intron 9 mutations suggests that this is a good 
mouse model for the human Frasier syndrome. 
Our data thus indicate that increased expres- 
sion of -KTS, rather than loss (or reduction) 
of +KTS, is the primary cause of sex reversal in 
Frasier syndrome. Notably, a change of +KTS/ 
—-KTS ratio in favor of —KTS operates when 
the eggs of Chelydra serpentina, a turtle with 
temperature-dependent sex determination, 
are shifted from a male- to a female-producing 
temperature (37). This outcome suggests that 
the -KTS isoform of WT1 is also involved in 
ovarian determination outside of the mam- 
malian class. 
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Staying rooted 


wasn’t surprised to learn I hadn’t been selected for a prestigious postdoc fellowship. I had applied 
mostly hoping for feedback that would improve my application the following year. But comments 
from two reviewers made me rethink my plan to apply again—and even whether to continue in 
academia. Under the section titled “weaknesses,” one stated, “The work would be conducted at the 
same institution as their Ph.D.” Another wrote: “No justification is given for staying at the same 
institution.” The comments were infuriating. I couldn’t understand why I (or anyone!) should have 
to justify not wanting to move for a job that often doesn’t support a single person, let alone a family. 


I was older than most of my peers 
when I started my Ph.D., and more 
settled. I have now lived in Min- 
nesota for 22 years, having moved 
to the area fresh out of college. My 
spouse has a good job here that 
supports us. We own a home and 
our gender-nonconforming teen- 
ager feels welcome and safe in our 
community. Our extended families 
also live nearby. 

My parents moved to Minnesota 
specifically to help us with child 
care. As I pursued my education, j f 
support from both sets of grand- #44 
parents and other members of our 
extended families was critical. They 
provided bus pickups, after school 
care, and generally served as the 
“village” that it takes to raise a child. 
With their help, my spouse and 
I could focus on our careers without worrying about child 
care. As our parents age, we hope to offer them the same 
kind of daily support. It’s not a situation I can easily leave. 

When I started my Ph.D., I knew that if I wanted to pur- 
sue an academic career, I would likely have to move some- 
day. Over the course of my program, I considered long and 
hard what I—and the rest of my family—would need to sac- 
rifice in order to do that, and the list was long. In the end, I 
decided I needed to find a way to stay in Minnesota. 

So, as I wrapped up my Ph.D., I started to apply for any- 
thing local that fit my skills and interests. This included 
academic postdocs, as well as biologist and data scientist 
positions in industry and the public sector. One academic 
opportunity that caught my eye was a postdoc fellowship 
offered by the National Science Foundation that’s designed 
to broaden participation of groups underrepresented in bio- 
logy. As a first-generation American with a multiracial back- 
ground, I thought Id be a good candidate. So, I reached out 
to a faculty member at my institution whose research focused 
on what I wanted to study next. She was interested in my 


“The reality is that moving is a 
huge barrier for many scientists.”  cvse 1 hadn't disclosed all of my 


ideas and we developed a proposal. 

The instructions clearly stated 
that applicants who proposed to re- 
main in their current location had 
to justify their choice. I interpreted 
that to mean the research needed 
to be distinctly different from my 
dissertation, so I made sure to em- 
phasize in the proposal that I’d be 
working in a new lab on a com- 
pletely different project. 

I didn’t mention my other rea- 
sons for wanting to stay in Minne- 
sota because it wasn’t the reviewers’ 
business; normally, employers aren’t 
allowed to ask about spouses or chil- 
dren. So it came as a shock when 
they discounted my application be- 


reasons for proposing to stay put. 

The whole episode left me won- 
dering what purpose it serves to penalize those who want 
to stay at the same institution for multiple career stages. It’s 
often said in academia that “moving around a lot is neces- 
sary.’ But the reality is that moving is a huge barrier for many 
scientists, including those with spouses, children, aging par- 
ents, disabilities, and cultural backgrounds that emphasize a 
close-knit extended family community—the kinds of people 
academia is actively trying to recruit to its ranks. 

Thankfully, my story had a happy ending: After receiving 
multiple job offers, I opted to take a position as a senior 
data scientist in a public transit agency, where I work on 
challenging, interesting problems that have a real impact 
in the region where I live. I didn’t have to move, and I can 
use skills I developed in graduate school. 

For the sake of others, though, I wish funding agencies 
were more open to supporting scientists who want to stay 
rooted to one location. What’s so essential about moving? 


Shanta Hejmadi is a senior data scientist at the Metro Transit Division of 
the Metropolitan Council in Minneapolis and St. Paul, Minnesota. 
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